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CIRCLE-EQUIVARIANT CLASSIFYING SPACES AND THE RATIONAL
EQUIVARIANT SIGMA GENUS

MATTHEW ANDO AND J.P.C.GREENLEES

ABSTRACT. We analyze the circle-equivariant spectrum M Stringc which is the equivariant ana-
logue of the cobordism spectrum MU (6) of stably almost complex manifolds with ¢1 = ¢2 = 0.
In [Gre05], the second author showed how to construct the ring T-spectrum EC representing the
T-equivariant elliptic cohomology associated to a rational elliptic curve C. In the case that C is a
complex elliptic curve, we construct a map of ring T-spectra

M Stringe — EC

which is the rational equivariant analogue of the sigma orientation of [AHSOI]. Our method gives
a proof of a conjecture of the first author in [And03b].
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1. INTRODUCTION.

In this article we construct a T-equivariant version of the sigma orientation of Ando-Hopkins-
Strickland [AHSOI], taking values in the equivariant elliptic cohomology EC' constructed by the
second author in [Gre05], at least in the case of a complex elliptic curve C' = C/A. More precisely,
let BU denote the classifying space for stable T-equivariant complex vector bundles, and let BSU
denote the classifying space for stable T-equivariant complex vector bundles with trivial determi-
nant. It turns out that BSU is the cover of BU trivializing the first Borel Chern class ¢f. Now let
BStringe be the cover of BU trivializing the first and second Borel Chern classes clf and 628 ; we
call a virtual complex T-vector bundle with a lift of its classifying map to BStringe a “Stringc
bundle.” Let M Stringc be the associated bordism spectrum. We construct a map of ring T-spectra

M Stringc — EC

which specializes to the sigma orientation of Ando-Hopkins-Strickland [AHS01] in Borel-equivariant
elliptic cohomology.

Our argument offers several improvements over the papers [AB02, [And03b], which construct
a canonical and natural Thom isomorphism for Stringc bundles (and their real analogues) over
compact T-spaces in Grojnowski’s equivariant elliptic cohomology [Gro07]. For one thing, our use
of the spectrum EC of [Gre05] entitles us to work directly with the classifying spaces for equivariant
bundles and their Thom spectra. More importantly, we are able for the first time to give a simple
and conceptual formula for the Thom class of a Stringc-bundle. Briefly, for a € C' and a T-space
X, let

xa _ XTIl if @ has finite order n
pe otherwise.

The long exact sequence (6.6) shows how to assemble ECy(X) from the groups
HE (X" 0¢,4)
for a € C, where the “coordinate data” of the elliptic curve C' are used to give (’)g’a the structure
of an H*(BT)-algebra (see Section [l). If V' is a virtual T-equivariant vector bundle over X, then
the groups relevant for EC;(X") are
Hi((X")% 08,0)-
The Thom class ¥(V) near a must then be a unit multiple of Thomr(V*), the Thom class of V¢

in Borel-equivariant cohomology associated to the Weierstrass sigma function (see §7.C)). In order
to assemble a Thom class for V' as a varies, we expect that

¥(V)q = Thomp(V*)er(V/V?), (1.1)
where V/V“ is defined so that
Vixe 2V @ (V/V),
and et denotes the Borel-equivariant Euler class associated to the Weierstrass sigma function.
One of the virtues of our approach is that our Thom class is given precisely by the formula (L1);
see (C.20) and Theorem [7.23] The reader is invited to compare these formulae with the formulae

following Theorem 9.1 of [And03b] or (6.11), (6.17), and (6.23) of [AB02] to get an idea of the
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improvement (LI]) represents. It remains to show that, if V' is a Stringc-bundle, then the proposed
Thom class (V') has the necessary properties. We do this in Section B The argument uses
characteristic classes which were, in some sense, the main discovery of [And03b], but by working
universally we give a better account of them and so put them to more effective use.

In Part [B] we use our analysis of the equivariant elliptic cohomology of BSU(d) to prove a
conjecture in [And03b, [And03a], giving a conceptual construction of the sigma orientation, for
elliptic curves of the form C' = C/A. To a T-space X we associate a sort of ringed space (actually a
diagram of ringed spaces) F(X), which determines FC7(X). Associated to a complex vector bundle
V over X, we construct a line bundle F(XV) over F(X), which determines EC:(X").

Let T be the usual maximal torus of SU(d), with Weyl group W, and let T = Hom(T,T).
Looijenga [Loo76] used the second Chern class to construct a line bundle £ = £(cz) over (T®zC)/W.
The Weierstrass sigma function determines a section o of £, and so a trivialization of L&Z, where 7
is the ideal sheaf of zeroes of o] We show that a T-equivariant SU (d)-bundle V over X determines
a pull-back diagram

LV@F(XV)—— LT
Do
F(X) —— (T'® C)/W,
where £(V) = h*L and o(V) = h*o. In particular o(V) is a trivialization of £(V) ® F(XV).
It turns out that if V? and V! are two T-equivariant SU(d)-bundles over X such that

GV -V =0,
then

LV =L,
so o(V9) @ o(V1)~! is a trivialization of

LV) ® F(X)

LV e FXT) FETT

This is our Thom class.

We note that Jacob Lurie [Lur05] has, independently of this paper and [And03b], announced a
proof of the analogous integral result for his oriented derived elliptic spectra. Our results may be
viewed as a classical analogue his work, relating it to the invariant theory of [Loo76] and highlighting
the role of the Weierstrass sigma function. David Gepner has outlined to us the relationship between
Lurie’s equivariant derived elliptic spectra and the T-equivariant elliptic spectra constructed by the
second author in [Gre05]. Once his results become available, we expect to be able to show that
these constructions of the equivariant sigma orientation are consistent.

Our work on this project has led us to a clearer understanding of the relationship between the T-
equivariant elliptic cohomology theories constructed by Grojnowski [Gro07] and Greenlees [Gre05].
In both cases, EC7(X) is assembled from the groups

HE (X" 0¢,4)

lAs explained in [And00], characters of representations of level k of the loop group LSU(d) give sections of ck.
Up to a normalization, o corresponds to the unique irreducible representation of LSU(d) of level 1
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for @ € C. In order to make sense of this expression, one must give Op , the structure of an

H*(BT) = Q[z]-algebral. Grojnowski does this for a complex elliptic curve in the form C/A, using
the covering

C — C/A, (1.2)

the structure of O¢ as an H*(BT)-algebra, and translation in the elliptic curve. One of the starting
points of [Gre05| is the observation that, if C'(n) denotes the divisor of points of C of order n and
k = deg C(n), then

C(n) — k(0)

is the divisor of a function ¢, on C, which is uniquely determined by its image in the appropriate
power w™* of the cotangent bundle and serves as a coordinate at a € C(n). We discuss this in
Section [6] particularly before Lemma and in Remark [6.7].

The paper is divided into three parts.

Part 1 is about equivariant classifying spaces and equivariant characteristic classes in general.
In Section 2, we begin the study of the classifying spaces for equivariant vector bundles which arise
in this work. In Sections [B] and [ we discuss characteristic classes for these bundles. In Section
we use these characteristic classes to describe the Borel-equivariant ordinary cohomology of our
classifying spaces. We make repeated use of a Universal Coefficient Theorem for Borel cohomology,
which we discuss in the appendix.

Part 2 focuses on elliptic cohomology, introduces the sigma orientation and establishes the Thom
isomorphism. In Section [6] we recall from [Gre05] the properties of equivariant elliptic cohomology
which we need for our work. In Section [{ we recall the basic facts about the Weierstrass sigma
function, and use it to give the formula for the Thom isomorphism over T-fixed spaces. The
behaviour for points with finite isotropy is given in Proposition [7.22, and proved in Section [
Together, these give the Thom isomorphism: the main result is Theorem [7.23]

In Part 3 we reformulate the results of Part 2 in geometric terms. We explain our Thom iso-
morphism using the analytic geometry of the elliptic curve C' and the invariant theory of [Loo76],
proving the conjecture of [And03b] in this case. We also rephrase some of these ideas in terms of the
algebraic geometry of C. We hope that these ideas will eventually lead to an algebraic version of
our results. Section [ gives a convenient sheaf theoretic formulation of the separation of behaviour
over T-fixed points and generic points of the curve from points with finite isotropy and torsion
points on the curve. In Section we give the geometric interpretation of the situation over the
T-fixed points of BSU(d), and in Section [[1] we extend this to all of BSU(d). Finally in Section
we give a moduli interpretation in terms of divisors.

The appendix describes a universal coefficient theorem for Borel homology and cohomology.

Part 1. Equivariant classifying spaces and characteristic classes.

In this part we discuss equivariant classifying spaces and characteristic classes from several
different points of view. In Section [2], we discuss the classifying spaces both via moduli and through
specific models. In Section Bl we discuss characteristic classes via the splitting principle and formal
roots. In Section [ we apply the earlier sections to calculate the cohomology of the first few covers
of BU.

2The generator of HQ(BT) is denoted z here because we are thinking of it as a complex function on C. When we
think of it as the first Chern class of the canonical bundle we write c for the same generator
4



2. CLASSIFYING SPACES FOR EQUIVARIANT VECTOR BUNDLES.

Let G be a compact Lie group. In this section, we review various aspects of the classifying
spaces for G-equivariant complex vector bundles. Initially we allow G to be an arbitrary compact
Lie group, but our applications use the special case G = T, and we will specialize to that case when
it is convenient to do so. Much of this material is well-known; see for example [May96].

2.A. The classifying space for equivariant complex vector bundles of finite rank. Just
as in the non-equivariant case, we may pass between U(n)-free G x U(n)-spaces, or G-equivariant
principal U(n)-bundles, and G-equivariant complex vector bundles of rank n. This gives two models
for their classifying G-space BU(n).

On the one hand, BU(n) can be constructed as the quotient EU(n)/U(n), where EU(n) is a
G x U(n) space with the property that, for all K C G x U(n),

EUmX ~xif KNU(n)=1
EU ()X = 0 otherwise.

On the other hand, BU(n) can be modeled as the Grassmannian Gr, (/) of n-dimensional subspaces
of a complete complex G-universe. Thus

BU(n) = EU(n)/U(n) ~ Gru(U).

We have omitted the G' from the notation for BU(n), because for H C G, the H-space underlying
BU(n) is the classifying H-space for H-equivariant U(n)-bundles, as one can check using either
description of BU(n).

Remark 2.1. Note that if X is a G-space, and H is a subgroup, then NgH/H acts on X, In
particular, if G = T and H = A is a finite subgroup, then T/A acts on BU(n)".

2.B. The classifying space for stable bundles. We will need to have a clear understand-
ing of the stabilization process. For this, we let U/ denote a complete complex G-universe, and
U,V,WW, X, ... denote finite dimensional subrepresentations of dimensions u, v, w, z, .. ..

Let BU(V) = Gr,(U ® V), and let v be the tautological bundle over this. These spaces form a
direct system with structure maps

BU(V) = Cr,U®V) 2L Gryr U ®V & W) = BUV & W).

Let
BU = colimy BU(W).

We let v denote the universal bundle over BU, so that ~| puw) = Yw — W. The G-space BU
classifies stable vector bundles of virtual dimension 0, and the G-space BU x Z classifies arbitrary
stable vector bundles.

2.C. Fixed points. It is straightforward to identify the H-fixed points of BU(n), BU(W), and
BU. We do this two ways, by analyzing the Grassmannian model and by analyzing the homotopy
functor represented by BU (n)H.

If H is a compact Lie group, we write H" for the set of isomorphism classes of simple (complex)
representations of H, so that if A is an abelian group then AY = Hom(A,T) is its group of
characters.
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For a representation V' of H we make the following definitions. We write U(V') for the group of
vector space automorphisms of V', and we write Z(V') for the centralizer of H in U(V), so

Z(V)=Autg(V) ={z € UV)|zha™" = h for all h € H}.
For S € HY, we define Vg to be the S-isotypical summand, so

Ve s,

SeHVY
and we set
dsy = dimHom(S, V).
By Schur’s Lemma we have an isomorphism of H-modules
Hompy(S,V)® S = Vs,
where H acts trivially on Hom H(S V), and an isomorphism of groups
Auty(V H Aut(Hompg (S, V)) H Uldsy). (2.2)
SeHVY SeHVY
The set of isomorphism classes of n-dimensional representations of H is
Hom(H,U(n))/conjugacy.
It is convenient to choose a set of representatives
Rep,,(H) € Hom(H,U(n)).

An H-fixed point of Gr, (U & W) is an H-module of rank w, and so we have the function
BUW)" = Gr(U & W)" — Rep,,(H)

which sends a point to the representative of its isomorphism class. The function is surjective since
U is complete, and the codomain is discrete, so for V' € Rep,,(H) we define

GrifU o W) C Gr(U & W)H
to be the component mapping to V. Specifying a point of Gr{}{ (U ® W) is equivalent to specifying
a point of Gr‘l}{s (Us ® Wg) for each S € HY.

Proposition 2.3. For any compact Lie group H there is an equivalence of nonequivariant spaces

Bum~ I Bzv)= ]I ]I BUW@sy). (2.4)

VERep,, (H) VERep,,(H) SeHY
For the Grassmannian BU(W)™ we have
BUW)! =Gr,eow)" = [ Gfuew)
VeRep,, (H)

and
Grif e W)= [[ GrilUs ®Ws) ~ [] BU(Homu(S,V)).
SeHY SeHY

First proof. The displayed equalities for the Grassmannian model give proofs. The only equivalence
which has not already been spelled out is the last. Over

Grgs (US ) Ws)

we have, forgetting the action of H, a contractible principal Aut(Vs) bundle. The sub-group of
automorphisms commuting with H is just U(Hompg (S, V)). O

6



Second proof. Since the H-space underlying BU (n) classifies H-equivariant principal U (n)-bundles,
it is clear that BU(n)! classifies H-equivariant principal U(n)-bundles over H-fixed spaces Z. It
suffices to consider one component at a time, so let us suppose we are given such a bundle 7 : P — Z,
with Z connected.

Recall that
Aut(P/Z) = F(P XU(n) U(n)c — Z),
where U(n)¢ denotes U(n) with the adjoint action. It follows that an action of H on P/Z is given
by a section s of
P Xy Hom(H,U(n)) — Z. (2.5)
The set Hom(H, U (n)°) is discrete, and so the function
m:7Z % P X (ny Hom(H,U(n)¢) — * Xy () Hom(H, U(n)") & Rep,,(H)

is locally constant, and so constant.

Let Z(m) be the centralizer

Z(m) = {z € U(n)|zm(h)z™" = m(h) for all h € H},

and let

- Q={p € Pls(z(p)) = (p.m)},
where (p, m) denotes the class in the Borel construction. Then
Tlg:Q —Z
is a principal Z(m) bundle, classified by a map
f:Z— BZ(m).
It follows that
Bum"~ [ Bz(V),
VERep,, (H)
and the more detailed description in (2.4]) follows from the isomorphism (2.2]). O

Remark 2.6. In §4.A] we use this analysis of BU(n) to give a splitting principle for T-equivariant
vector bundles.

Passing to limits we find the fixed points in the stable case. We define JU(H) to be the ideal of
virtual representations of rank 0 in the complex representation ring R(H).
Proposition 2.7. There is an equivalence of nonequivariant spaces

BU" ~ JU(H) x [] BU, (2.8)
acHY

where the product is topologized as the direct limit of the finite products.

First proof. The stabilization map is
puyv =[] clluen)® J] afluevew)=Buwvaew)r
UecRep, (H) U’'€Rep,, 44, (H)

Thus the components of BUH are labelled by virtual representations of rank 0, the component
Grg (U ® V) being labelled by U — V. The stabilization map is the product over S € HY of

BU(ds,v) = Gr{l,(Us & Vs) — CGrugews(Us & Vs & Ws) = BU(dsy+w).
For each factor, the colimit is BU. ([l



Second proof. We classify virtual H-equivariant bundles V' on H-fixed spaces Z. It suffices to
consider one component at a time, and so we suppose that Z is connected. Schur’s Lemma provides
a decomposition

7= @ Hompg(a, V) ® «

aceHY
where now
Hompg(a, V)
is a virtual bundle of rank d, v (say). We then have the map
f:z— ][ BU (2.9)
acHY

which on the « factor classifies the virtual bundle of rank 0
Homp (o, V') —dq ve,
where € is the trivial complex line bundle of rank one, with trivial H-action.

If £, denotes the tautological bundle of rank 0 over the « factor in (2.9)), then

fr (Zfa@m) 2V - daya

To recover V, then, we must add the element ) d,ya € R(H). This shows that
(BU xz)" = R(H) x [] B,
acHY
with the universal bundle over the (3, doa) summand being
Z(ga + da) X .

V has virtual dimension zero if and only if

Z do,v rank o = 0,
«

and so
BU" = JU(H)x [] BU.
aeHY
]

2.D. Classifying spaces for SU-bundles. Next we consider the classifying space BSU(n) of n-
dimensional bundles with determinant 1. This can be constructed as ESU (n)/SU(n) where ESU (n)
is the universal SU(n)-free G x SU(n)-space. Alternatively, there is a fibration

BSU(n) — BU(n) — BU(1)

of G-spaces, where the map BU(n) — BU(1) classifies the determinant. The H-fixed points can
be calculated in the same manner as in Proposition 2.3l Let

SRep,,(H) € Hom(H, SU(n))

be a set of representatives for Hom(H, SU(n))/conjugacy; and for V' € SRep,,(H) let Z(V') be its
centralizer in SU(n). The analysis leading to Proposition [2.3] gives the following.
8



Proposition 2.10. For any compact Lie group H there is an equivalence

BsUm”~ I BzV). (2.11)
VeSRep,, (H)

Once again we may form the stable classifying space BSU as a direct limit
BSU ¥ colim, BSU (n),

where the limit is now formed over addition of a cofinal collection of representations with deter-
minant the trivial 1-dimensional representation €, such as those of form V & V*. Again there is a
fibration

BSU — BU — BU(1).

Taking H-fixed points we have
BSUH — BUuf — BU(1)!.
If BU(1)H is the component of BU(1)# corresponding to the trivial representation,
JU(G) ={V € JU(G)|det V = €}

is the subgroup of JU(G) consisting of virtual representations with trivial determinant, and B Ug
is the set of components of BUY corresponding to representations with determinant e, then we
have a fibration

BSUY — BUY — BU(1)H (2.12)
with connected base, and an equivalence

BU§ ~ JUy(G) x [ [ BU.

Again, the components of BSUH are all equivalent, and, taking components of zero, there is a
fibration
BsUl — BUfl — BU1)H

of connected spaces.

2.E. The tower over BU x Z. In the next two sections we study characteristic classes for equi-
variant vector bundles, in light of the preceding analysis of their classifying spaces. One reason to
do so is better to understand the spaces BU{2k} over BU X Z defined by the vanishing of the Borel
Chern classes c5,cF, and ¢5. It is the Thom spectrum associated to BU{6} which maps to elliptic
cohomology.

It is perhaps surprising that the vanishing of Borel Chern classes plays such an important role in
the relationship to elliptic cohomology. We note that the spaces BU{2k} also occur as representing
spaces for the equivariant version of connective K-theory constructed in [Gre04]; see §3.F1 This
equivariant version of connective K-theory is complex orientable, and its coefficient ring classifies
multiplicative equivariant formal group laws for products of two topologically cyclic groups (and
in particular for the circle and all its subgroups).

Nonequivariantly, BU = BU(2) is the 1-connected cover of BU x Z, BSU = BU(4) is the fibre
of
BU & K(Z,2),
and BStringc = BU(6) is the fibre of the second Chern class
BSU % K(Z,4).
9



Borel cohomology classes, that is elements of H"(X xg EG), correspond to G-maps
f: X — map(EG, K(Z,n)).

We define spaces BU{2k} by the following diagram, in which the indicated horizontal arrows are
Borel Chern classes, and each vertical arrow is the fibre of the following horizontal arrow.

BStringc == BU{6} (2.13)

CB
BSU ———— BU{4} —— map(EG, K(Z,4))

B

BU ——— BU{2} —— map(EG, K(Z,2))
B

BU x Z =—— BU{0} —— map(EG, K(Z,0)).

We have used the notation BU{2k} instead of BU(2k) because the spaces in question are not
equivariantly connected. We show in §3.El that BU and BSU occur as indicated in ([2I3). We
define BStringc to be BU{6}.

To analyze H-fixed points, we use the equivalence
map(EG, K(Z,n))" ~ map(BH, K(Z,n)) ~ HK(HZ(BH), n—1). (2.14)
i=0
We are particularly interested in the case that G is the circle, and H = A C T is a closed subgroup.
Such groups A have integral cohomology only in even degrees, so we obtain the following.

Proposition 2.15. Taking A-fized points in the diagram 2I3) yields a diagram

BString{é

{c3,c3,c3}

BSUA ———— K(H"(BA),4) x K(H?*(BA),2) x K(H*(BA),0)

{cf.ct}

BUA ————— K(H°(BA),2) x K(H*(BA),0)

c0
BUA x 7, —— K(H°(BA),0)
of T/A-spaces, in which again each vertical arrow is the fibre of the following horizontal one. [

We will describe the maps ¢, as characteristic classes in Lemma ET3]

3. CHARACTERISTIC CLASSES OF EQUIVARIANT BUNDLES.

In this section we briefly discuss characteristic classes for a general compact Lie group of equiv-
ariance, and we show that BSU ~ BU{4}. In the next section we analyze more closely the case of
a circle.

10



3.A. Nonequivariant Chern classes. We write ¢; for the usual Chern class in H*BU, so
H*(BU) = Zlc1, ca, . . ]
We write
c(V)=14+c1(V)+ca(V)+---
for the total Chern class, and recall that it is exponential in the sense that
Ce(VBW) =co(V) - ca(W),
so we may extend co to virtual vector bundles by the formula

co(V =W) = ca(V)co(W) L.

Remark 3.1. It is convenient to record the behaviour of ¢; and ¢y on a difference of actual bundles.
It is immediate that c; is additive, so that

Cl(U - V) = Cl(U) — Cl(V).
For ¢y there is a correction term:
CQ(U — V) = CQ(U) — CQ(V) — Cl(V)Cl(U — V),
but this simplifies to additivity when ¢;(U — V') = 0.

3.B. Chern classes assembled from isotypical summands. Let X be a GG-space, and suppose
that £ is a complex G-bundle £ of rank n over X. If it happens that X is H-fixed, then we have
an isomorphism of H-bundles

¢~ P Hom(o, ) @,
acHY
where on the one hand « is trivial as a non-equivariant bundle over X and on the other Hom(c, £)
carries a trivial H-action. We may define Chern classes ¢{'(£) by the formula

a def
¢i'(§) = ci(Hom(av, §)). (32)
If £ is a virtual complex vector bundle of rank 0 over X, then it is classified by a map
€] : X — BU.
If H acts trivially on X, then we write
[€,H]: X — BU
for the indicated factorization. The decomposition
BU" = jU(H) x [] BU,
aceHY
of Proposition 2.7] gives an isomorphism
H(BUM) = [ z[¢.¢,...|lac HY]. (3.3)
VeJU(H)
The notation in ([B.3]) is consistent with the notation in (3:2]) in the sense that
(&) = [&, H]" (c}");
where on the right ¢{' is taken from the appropriate factor of BU H_ The double brackets in B3)
refer to the completion arising from the fact (see Proposition 2.7)) that the topology on the product
in the description of BU is the direct limit of finite products. So
> ¢ e H*(BUT)

aeTV
11



is allowed, but

(e
>

n

is not.

3.C. Borel Chern classes. The G-Borel construction on £ is a virtual complex vector bundle
& Xa EG over X xg EG, classified by

[[¢]] : X xg EG — BU. (3.4)
The Borel Chern classes of £ are defined to be
(€)= [[€]]* ().

If X is H-fixed, then there is a standard way to relate the Borel Chern classes to the ¢§*. Notice
that there is an isomorphism

o

B : Repy (H) = Hom(H,T) = [BH, BT] = H*(BH), (3.5)
via which we have, for o € HV,
#(a) = Bdeta. (3.6)

Lemma 3.7. If £ is an equivariant G-bundle over an H-fized space X, then in H*(X x BH) we
have

A = Z rank(a)cf (€) + rank(Hom(a, €)) B det(a). (3.8)

a€eHY

Proof. By reducing to the universal case X = BU(n)!, we may assume that H'X = 0. Recall that
we have the isomorphism of H-bundles over X

@ Hom(o, &) @ a = €.

aceHY
This gives

& xy FH = EB Hom(e, &) ® (a x g EH)
acHY

since H acts trivially on Hom(a, €). Taking determinants gives

det(¢ xg EH) = [] det(Hom(a,&) ® (a xg EH)). (3.9)
aeHY

By definition, ¢{(£) = ¢1(Hom(e, €)), so the result follows from (B3.6]), (8.9), and the formula

(Ve W) =rankVeyW 4 ¢;V rank W.

12



3.D. BU as a split G-space. The Borel Chern classes have another less familiar description which
will be useful in §3Fl Let BU be the stable Grassmannian associated to the trivial G-universe U,
so that Z x BU is a representing space for non-equivariant K-theory. The inclusion

Uus —u

induces an equivariant map
n: BU — BU,

which is easily seen to be a non-equivariant weak equivalence: this is a space-level expression of
the fact that the equivariant complex K-theory spectrum is a split ring spectrum. It follows that
the induced map

n*: H5(BU) — H5(BU) = H*(BU x BG)
is an isomorphism.
If ¢ denotes the tautological bundle over BU, then the map [[¢]] in ([84]) can be regarded as a
map

[[€]] : BU x¢ EG — BU,
and it is easy to check that the diagram

BU x BG

l \&ect‘ion

BU XgEG—>B—U

commutes up to homotopy. Thus we have the following.

B

Proposition 3.10. The Borel Chern classes ¢ are uniquely characterized by the fact that, under

the splitting

n: BU — BU,
they pull back to the ordinary Chern classes. That is, for each k we have
e = o
in H**(BU x BG). O

3.E. Comparison of BSU and BU{4}. We explain how the G-spaces BU x Z, BU and BSU
fit into a diagram as displayed in §2E Since map(EG, K(Z,0)) ~ K(Z,0), c§ is a bijection on
components, and so the space BU is the fibre of cOB.

For the next stage, observe that if L is the tautological line bundle over BU (1), then
&(L) e H*(BU(1) xg EG) = [BU(1),map(EG, K (Z,2))].
The definition of the first Borel Chern class implies that the diagram

BU —% BU(1) (3.11)

S le?(m
1
map(EG, K(Z,2))

comimutes.
13



Proposition 3.12. [StrAfg] The G-map
BU(1) — map(EG, K(Z,2))
corresponding to clf (L) is a weak equivalence, and so induces a weak equivalence
BSU ~ BU{4}.

Proof. Proposition [2.3] shows that, for each compact subgroup H C G,
BU(1)" ~ Rep,(H) x K(Z,2).
At the same time, since H is compact, H'(BH) = 0, and we have
map(EG, K(Z,2)) ~ K(H*(BH),0) x K(Z,2).
In terms of these isomorphisms, Lemma B.7] shows that
(BYH = B xid : Rep, (H) x K(Z,2) — K(H*(BH),0) x K(Z,2),
where B is the isomorphism (B.5]). O
Remark 3.13. This gives another proof that the natural map
Pica(X) — H&(X;Z)
is an isomorphism, where Picg(X) is the group of equivariant line bundles over X (Atiyah and

Segal [AS]).

3.F. The spectrum M Stringc. Associated to the spaces BU, BSU, and BStringc over BU we
have Thom spectra MU, MSU and M Stringc. The spectrum MU is easily seen to be an Fo
ring spectrum since it comes with an action of the linear isometries operad. We turn to M SU and
M Stringc.

Proposition 3.14. The spectra MSU and M Stringc are Es-1ing spectra.
Proof. 1t suffices to show that BSU and BStringe are infinite loop spaces over BU, and so it
suffices to show that the Borel Chern classes c? and 5 arise from maps of spectra.

In [Gre04], the second listed author defined the G-equivariant connective K-theory spectrum ku
to be the pull-back in the right square of the diagram

ku ku K (3.15)

Iy |

map, (EG, , ku) —— map,(EG4, K).

Here ku (respectively K) is the inflation of the non-equivariant connective K-theory spectrum
(respectively the equivariant periodic K-theory spectrum), and the bottom arrow is induced by the
composition

ku— K — K,
obtained using the fact that periodic complex K-theory is split. Note that the construction implies
that, as we have indicated, ku is split.

As explained in [Gre04], by looping down the diagram (B.I5]) we obtain diagrams of the form

U BU BU

T~ | |

map, (EG,, BU) —— map,(EG, BU)
14




and

BSU — BSU BU

\ l” l
map, (EG,, BSU) —— map,(EG, BU)
Already this exhibits BSU as an infinite loop space over BU, but to compare to the tower for
BU{4}, we observe that the map
BU — BU %% map,(EG, BU) — map, (EG,K(Z,2))
represents ¢; ® 1 in H?(BU x BG), and so Proposition B.10] implies that the composition
BU %% map,(EG,, BU) — map,(EG,, K(Z,2))

represents cllg , as required. An analogous argument shows that the composition

BSU %% map, (EG,,BSU) — map, (EG,, K(Z,4))

represents 0123 . In particular, this is an infinite loop map, and so exhibits BStringc as an infinite
loop space over BSU. O

4. CHARACTERISTIC CLASSES FOR T-VECTOR BUNDLES.

In this section, we focus on the special case G = T, and we write A for a general closed subgroup
of T. We have two goals. The first is to give an equivariant form of the splitting principle, so that
in §8.Bl we can identify some characteristic classes of A-equivariant bundles over A-fixed spaces.
The second is to record the calculation of the Borel Chern classes. These will be used throughout
the remainder of the paper.

Because we use multiplicative notation in A* and additive notation in H?(BA) we write
log : A* — H?*(BA;Z)

for the isomorphism between them.

We write z for the generator of H2BT, and also for its restriction to H*BA. Over a T-fixed
base, we always have

H*(X xp ET) = H*(X) ® H*BT = H*(X)[2],
and our notation will reflect this. If A = T[n] and X = X4, we still have
H*(X x4 FA) 2 H* X|[z]/nz,

provided H*X is concentrated in even degrees.

4.A. Reductions and the splitting principle. In this section we describe the cohomology rings
H*(BU(n)4) and H*(BSU(n)";Q) using the splitting principle. We start with U(n). Since A is
abelian, we may choose our representatives m € Rep,,(A) of Hom(A, U (n)¢)/U(n) to be of the form

m:A—T, (4.1)

where T is the maximal torus of diagonal matrices. If m is such a homomorphism, then its central-
izer
Z(m) = {g € U(n)|gmg™ = m} = H U (rank Hom (o, m))
acAY
is a product of unitary matrices. In particular, it is connected, with maximal torus 7. We define
W (m) to be the Weyl group of Z(m) with respect to the torus T it is a subgroup of the Weyl
group W of T in U(n). With these choices, Proposition 2.3] takes the following form.
15



Proposition 4.2.
BU(n)" ~ H BZ(m),
m&ERep,, (A)
and so
H'BUM)*=~ [ H®DV™. O
meERep,, (A)

Example 4.3. Any homomorphism T — U(n) is conjugate to one of the form

mi ma2

z—m(z) =diag(z™, ..., 2" 22 0 22 L 2T L 2T,

where the m; are integers, m; < m; for ¢« < j, m; occurs d; times, and

Zdi =n.

Then Z(m) is the group of block-diagonal matrices [[ U(d;), with maximal torus 7" and Weyl group
H 2,
Recall that in the isomorphism of A-bundles
7= @ Hom(o, V) ® a,
acAY

A acts trivially on Hom(«, V'), while the bundle underlying « is a topologically trivial line bundle.
Thus if

Hom(o, V)= L1 ® - @ Lg
as a non-equivariant bundle, then

Hom(o, V)@ a=ZLi®ad - L@«

as a bundle with A-action. Proposition implies the following form of the splitting principle.

Lemma 4.4. Let V be an A-equivariant vector bundle over an A-fized space X. The splitting
principle holds in the sense that there is another A-fized space X' and a cohomology monomorphism
X' — X so that over X' we may write

do
Ve (B PLai®a,

acAV i=1
where Lq; s a line bundle with trivial action, and o describes the A-action. Moreover in the
universal case, if To; = c1Lay, then the image of H*X in H*X' consists of the expressions in the
Za,i8 which are invariant under the evident action of

1=
O

Proposition[4.2] like its parent, is phrased in terms of a choice of representatives for Hom (A4, U(n)¢)/U(n).
For us it will be important to have a more invariant expression, which by the way also applies to
SU(n). So let G stand for one of these groups, and let 7' be a maximal torus, with Weyl group W.

Suppose that
m:P— X
is an A-equivariant principal G-bundle, over a trivial A-space X. The action of A on P corresponds
to a section
s: X — P xgHom(A,G°).
16



giving a function
f:X — P xgHom(A,G°) — Hom(A4, G°)/conjugacy.
Definition 4.5. A reduction of the action of A on P/X is a function
m : moX — Hom(A,T)
making the diagram
x L. Hom(A,G)/G

l I

10X —“— Hom(A,T)
commute. Note that a reduction always exists, because the right vertical arrow is a surjection of
discrete spaces.

This definition is convenient for analyzing principal G-bundles over not-necessarily connected
spaces. In the following discussion, though, we suppose that X is connected, leaving the modifica-
tions for general X to the reader.

Let Z(m) C G be the centralizer of m in G. It is important to note the following.

Lemma 4.6. For any m: A — T, Z(m) is connected, with maximal torus T

Proof. For G = U(n) this is clear, since Z(m) is a product of unitary groups (see Example[4.3]). For
SU(n), it is a result of Bott and Samelson [BS58, BT89] that for any simply connected compact Lie
group G, the centralizer of any element is connected. The maximal torus is 7', since T" is maximal
in G. O

Let W (m) be the Weyl group of Z(m); it is a subgroup of W. Any other reduction m’: A — T

is of the form

m':wm

where w € W, and
wm =m

if and only if w € W (m).

The reduction m determines a principal Z(m)-bundle @Q(m) over X, by the formula

Q(m) ={p € P|s7(p) = (p,m)}.

This is classified by a map
gm : X — BZ(m).
By the splitting principle,
H*(BZ(m);Q) = H*(BT;Q)"™,
and so an element = of the right hand side gives an element
gmE € H*(X; Q).

Proposition 4.7. Let G = U(n) or SU(n) as above. Let A be a closed subgroup of T. Then
H*(BGA;Q) is isomorphic to the ring

Homy (Hom (A, T), H*(BT;Q))
of W -equivariant functions. More explicitly, it consists of functions

E:Hom(A,T) — H*(BT;Q)

such that
17



(1) for each m € Hom(A,T), Z(m) € H*(BT; Q)W (™) ; and
(2) forwe W,

In particular, any such function = determines a characteristic class of A-equivariant complex vector
bundles over A-fixed spaces, by the formula

E(V) = gmE(m),

where m : 19X — Hom(A,T) is any choice of reduction of the action of A on V/X. For G = U(n),
the analogous statements for integral cohomology are true as well.

Proof. Another choice of reduction m’ determines Z(m'), Q(m’), and g, as above, and there is an
element
w € W(m )\W/W(m),
determined by the formula
m’ = wm € Hom(A,T)
and making the diagram

X gm BZ(’I?’L)

w
o |

BZ(m/)

commute. Thus if

[1]

(m) = w*E(m') € H*(BT)" ™,
then
(g )*E(M/) = g E(m) € H*X.
g

Remark 4.8. The main ingredient in the argument is the splitting principle for BZ(m), so one
needs to know that Z(m) is a connected compact Lie group. Thus the result of Bott and Samelson
[BS58] implies that the Proposition holds rationally for any simply-connected compact Lie group.

Remark 4.9. The results of this section and of Proposition [Z.3 say that the components of BG4
are labelled by elements of

Hom(A4, G)/G,
where G denotes G as a G-space with the conjugation action. A choice of representative m : A — G
identifies the corresponding component with BZ(m). One way to work with BG4, then, is to
fix a set of representatives. Elsewhere in this paper, particularly from Section [7 onwards, it is
essential not to do so, because we must understand the behaviour of our characteristic classes
under restriction

BG™ — BG*,

which leads us to consider diagrams like

Our approach is to give formulae which work for any m : A — T and which are compatible with
the action of W by conjugation. Proposition .7 tells us how to do this. When we write that a
18



homomorphism m : A — G “labels a component of BG4”, we mean that we use m to identify its
component with BZ(m).

4.B. Chern classes of T-bundles. Our calculation of Chern classes uses the splitting principle
(Lemma [A.4)) to deduce the general case from the following result, which is a specialization of
Lemma B.71

Lemma 4.10. If L is a line bundle over an A-fized space, and if o € A*, then
AL ®a)=c (L) +logla) -z O

Proof. The only point is to observe that, under the decomposition
BUA ~ JU(A) x [] BU
BeAY

the map classifying L ® o maps to the a factor of BU as the map classifying L, and to the other
factors trivially. That is,
A(L®a)=cal,
while
FL=0
for 8 # a. 0

Now suppose that V is an A-equivariant vector bundle over an A-fixed space, and that after
pulling back along a cohomology monomorphism X’ — X we have

Ve2Li®a +-+ L, ®a.
Then
(V) =TJ + er(Li) + log(ai)2). (4.11)
i
This gives a calculation of the first and second Borel Chern classes. In order to state the result,
we introduce the following quantities. Suppose that m = (mq,...,mq) and m’ = (mf,...,m/) are
arrays of elements of B = Z or Z/n (in our applications, m, m’ € Hom(A,T)). Let

¢(m) & — > mim;

i<j
I(m,m’) def Z mim.
i#]
Similarly, if (x1,...,24) are elements of a B-module X, then
I(m, ) L _ Z mix;.
i#]

We have chosen the signs of ¢ and I so that the right hand sides appear with positive sign in
the following.

Lemma 4.12. (1) ¢ is quadratic, I is symmetric and bilinear, and
o(m +m') = o(m) + I(m, m') + o(m').
(2) If Y-m; =0, then
I(m,z) = Zmlznl
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(3) If Y. m; = 0 then, then

Lemma 4.13.

and

In particular,

2¢(m) = Z m?2.

Writing m; = log(a;) and x; = ¢1(L;), we have

(&) =c(§) + (Zmz‘) "z

ci(§) = Zmz
(&) = e2(8)
c3(&) = —I(m, )
3(§) = —¢(m)

If (&) = 0 then

If cB(&) =0 and A=T, then

(4.14)

(4.15)

Proof. The expressions for ¢ and c§ follow easily from the product formula @II). If ¢f(¢) = 0,
then ) . m; = 0, and the formula ([@I4) follows from Lemma Finally, if we note that in the

universal case 2 is not a zero divisor, ([A.I5]) also follows from Lemma [A.T2]

Applying Lemma [£TI3] to the universal bundle £ over

BUA ~ JU(A) x [] BU,
BeAY

we have the following, which will be useful in Section Bl

Proposition 4.17. Let

V= Z dyo

acAY

be an element of JU(A). In the V' factor of

we have

H(BUY = [ Z[, e, lac A,

VeJU(A)

GEDIG
() = dalog(a).

20
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If V € JUy(A), then in the V factor of BSUA, we have (for any fized ordering on A)

S =D+ e

a<pf

(&) =) log(a)ef.

Proof. Let &, denote the universal bundle (of rank 0) over the « factor of BU in (4I6l). Then the
universal bundle over the V' component of BU is (see the second proof of Proposition 7))

E=) ta®aty da.

The formulae in the Proposition follow from this and Lemma .13l O

5. THE COHOMOLOGY OF COVERS OF BU X Z.

The long exact sequence (6.4]) we use to calculate the T-equivariant elliptic cohomology of X
involves the (rational) Borel (co)homology of X4. In this section we carry out the calculation
for BU{2k} with £ = 0,1,2,3. The main point is that the ordinary (rational in case k = 3)
cohomology of the fixed set is concentrated in even degrees, so the Serre spectral sequence for the
Borel cohomology collapses.

5.A. Components and simple connectivity. Let G be a compact Lie group. We recall that
JU(G) is the augmentation ideal of representations of virtual dimension zero in the complex rep-
resentation ring RU(G) of G.

Lemma 5.1. If A is finite cyclic or the circle group then
mo(BU{2k}) = JU*(A) for k =0,1,2,3.
All components of BU{2I<:}A are homotopy equivalent.
Remark 5.2. For general groups G it is more natural to expect
mo(BU{2k}) = JUL(G) for k = 0,1,2, 3,
where JUy(G) is the ideal generated by the representation-theoretic Chern classes ¢;(V') for { > k.
If G is abelian then JUR(G) = JU(G)*.

Proof. The equivalence between the components comes from the H-space structures. We carry out
the 7y calculations. Since all homotopy groups of map(BA, K(Z,2n)) are in even degree, we have
2k
k

0 — mo(BU{2k + 2}) — m(BU{2k}) == H?*(BA)

as in the diagram of Proposition EZI5l By definition ¢ is the dimension and surjective, and so
no(BUA) = JU(A).

Lemma T3] implies that
& JU(A) = m(BU?) — H?*(BA) = A*

is the determinant. This is surjective, and mo(BSUA) is the ideal JU,(A) consisting of elements of
JU(A) with determinant 1. It is easy to check

JU(A)* C JU(A) C JUs(A),

and it remains to show that JU}(A) C JU(A)?.
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We may do this explicitly as follows (the argument is due to Neil Strickland). First note that an
arbitrary element x of JUS(A) is of the form

T=a1 D - Das -1 D DB,

where the o; and 3; are the classes of one-dimensional representations, and

Hﬁz‘ = Hai-

(1=061)1 = F2) + (1 = B1f2)(1 = B3) =2 — B1 — P2 — B3+ 152033

This has the generalization

Notice that

s—1 i s
Y O-TIB0 =8 =(s—1) =B - =8+ ][] 5
j=1 k=1 Jj=1

Let us write n(81, ..., 3s) for this element of JU(A)?. Then
r=n(B1,...,8) —nla,...,as) € JU(A).

Finally we have
3. JUX(A) = mo(BSU?) — H*(BA) = Symm?(A4*). (5.3)
When A is a compact abelian group, the isomorphism
RU(A) 2 Z[A™],
identifies JU(A) with the augmentation ideal I(A*), and it is not difficult to check that the map
cy: JU(A)?> — H'BA
factors as

64
I(A*)? —— Symm? A* (5.4)

.

I(A*)?/1(A")?,
where the vertical map is the one induced by the fact that, for any abelian group B, the map
B x B — I(B)*/I(B)?

sending (z,y) to the class of (1 —z)(1 — y) is symmetric and bilinear. For any abelian group, this

vertical map is an isomorphism [Pas79l Theorem 8.6], and so the kernel of the horizontal map is
I(A*)3 = JU(A)3. O

Remark 5.5. For general G and k = 2 we may prove the result indicated in Remark [5.2] as follows.
Using the fact JU; is an ideal we may assume det U = detV =1 and hence x = (U —n)+ (n —V)
is a sum of two elements of JU}. Now U — n is the pullback from SU(n) of U — n where U is
the natural representation, and this is the pullback of U — (§ +n — 1) from U(n), where § is the

determinant of U. This universal case follows from the calculation of kul™ in [Gre04].

Lemma 5.6. If A is finite cyclic or the circle group, all components of BU{2k}* are simply
connected.
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Proof. The non-equivariant simple connectivity of BU is well known, and implies that of the com-
ponents of BUA x Z and BUA. For BSU# it follows from the surjectivity of

& BUA — K(H°(BA),?2)

in 72, which is a consequence of LemmaEI0 and the well-known non-equivariant case. For BU{6}4
it suffices to show the surjectivity of

mo() : mBSUA — myK(H?*(BA),2) = H*(BA).

Notice that the map
BT — K(H?BT,?2)
corresponding to a generator of H2BT is an equivalence, and that the natural map
K(H?BT,2) — K(H?BA,?2)

is an epimorphism in 7. In particular, for every element x € mK (H?BA,2) = H2BA, there is a
line bundle L over S? such that the map

s2 L BT — K(H?BA,?)
represents —x.
Recall that we have chosen a generator z of H?BT, and let o € A* be a generator, so that

Ba*z € H*BA

is a generator (which we will also call z). Now consider the A-bundle
E=(1-L)(1l—-a)=1-L—-—a+L®a.
over S2. Its Borel Chern class is
l—-z+=2
()= (1—2)(1+2)
2

In particular, it is an SU bundle whose ¢35 component is . Thus we have a commutative diagram

=1+ zz + degree 6.

c2
BSUA —— K (H*(BA),2),

=

showing that c3 is surjective in 7. O

5.B. Homology and cohomology of fixed points of BSU. The cohomology ring of BU is well
known to be polynomial on the Chern classes, so that
H*BUY = [ ZIf ... .|ac A
VeJU(A)
We note that the usual calculation of H,BU in the nonequivariant case generalizes to give
H.(BU#) = Symm H,(BU(1)*) = Z[6%, 5%, ... | a € A*][JU(A))],
where 3¢ is the basis dual to ()’ in H*BU(1)4.

For BSU we consider the fibre sequence BSU# — BUZ — BU(1)# of ([212)), and note that
the generator of H*(BU(1)4) acts as X,cf. It follows that H*(BU{}) is flat as a module over

€

H*(BU(1)4) for each V and hence the Eilenberg-Moore spectral sequence gives

H*(BSU{) = Z @ gy H (BUY).
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This means that each component of BSU“ has polynomial cohomology in even degrees. Dually, in
homology we may deal with all components at once to find

H,(BSU") = Hom - gyr1yay(Z, Ho(BUZ)).
The Serre spectral sequence gives exactly the same calculation if we consider the fibration K(Z,1) —
BSUA — BU4.

5.C. Homology and cohomology of fixed points of BU{6}. To continue, we suppose that A
is either a finite cyclic group C or the circle group T, so that H3*(BA) = 0 = H'(BA). Thus have
a fibration

BU{6}* — BSU* — K(H°(BA),4) x K(H?*(BA),2) x K(H*(BA),0).

As for BSU, we may trim away the component group in the base by letting B.S U§4 consist of the
components indexed by representations in

JU(A)? = KermyBSUA — H*BA.
Then we have a fibration
BU{6}* — BSU4 — K(H°(BA),4) x K(H?*(BA),?2)
with connected base. All components are equivalent, and we have a fibration
BU{6}{ — BSU{' — K(H°(BA),4) x K(H*(BA),?2)
of connected spaces, where the subscript 0 indicates the component of the 0 bundle.

For the purposes of this paper, it is sufficient to work over the rationals, so that K(H°(BA),4)
and K (H?(BA),2) have polynomial cohomology.

We deal separately with the case A = C' is finite and the case A = T. In the first we even have
H?(BC;Q) = 0, and so the rational fibration

BU{6}° — BSUS — K(Q,4).
Now H*(K(Q,4);Q) = Q[cY], where ) acts as its name suggests by
(0% (6% (0% 1 (0%
Zcz + Z 616[13 = Zcz - 52(01)2
« a<f a a
0

for any fixed ordering on A* (see Proposition[L.I7). Since ¢5 can be chosen as a polynomial generator
of H*(BSUY') we obtain

H*(BU{6}°) = Q@ g H*(BSUS) = H*(BSUS)/(c3)

H*(BU{6}() = Q @qy H*(BSUg ) = H*(BSUS ) /(¢3)

H.(BU{6}§) = Homg.g)(Q, H.(BSUS)).
We note that the cohomology ring of each component is polynomial and in even degree.

When A =T we have
BU{6}" — BSU§ — K(Q,4) x K(Q,2),

and note that H*(K(Q,4) x K(Q,2); Q) = Q[c3, c3] where ¢ and 3 act as indicated in Proposition

17 Since 3 and ¢} generate a tensor factor Q[c3, c3] we obtain

H* (BU{6)T) = Q Gy ) H* (BSUT) = H*(BSUS) /(3. )

and
H.(BU{6}y) = Homgg 2(Q, Hi(BSUg)).
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Once again, the cohomology ring of each component is polynomial and in even degrees.

5.D. Borel homology and cohomology. The long exact sequence we use to calculate the elliptic
cohomology of BU{2k} involves the rational Borel (co)homology of BU{2k}4. We continue the
convention that A is a finite cyclic group or the circle, and we continue to work with rational
coefficients.

Proposition 5.7. For k < 3, the A-fixed point spaces of X = BU{2k} have cohomology in even
degrees. FEach component has polynomial cohomology. As for Borel homology and cohomology, there
are isomorphisms (non-canonical unless A ="T)

Hi(X4) = H*(XY)[2]
and
HY (X4 = H,(X*) ® H,(BT).

Moreover, the natural map
Hy(X%) — Hi(X") (5.8)

18 injective.

Proof. All the spaces X4 = BU{2k}* for k < 3 have components whose cohomology is polynomial
and in even degrees. Accordingly the Serre spectral sequence calculating the T-equivariant Borel
cohomology of one component collapses and shows the Borel cohomology is isomorphic to a tensor
product of H*(BT) and the polynomial cohomology ring. When A is finite, this involves choosing
lifts of the polynomial generators of H*(X{1) to Hx(X{}). Since the map XT — X4 is injective
in cohomology, it follows that (5.8)) is as well. Similar arguments show that the Borel homology
spectral sequence also collapses to give the isomorphism of H*(BT)-modules

HF(X4) =~ H,(X*) @ H,(BT).

Part 2. Elliptic cohomology and the sigma orientation.

In this part we turn towards elliptic cohomology and the sigma genus. First, in Section
we introduce notation for discussing the geometry of an elliptic curve, before summarizing the
relevant properties of equivariant elliptic cohomology from |[Gre05]. The sigma genus is most easily
introduced for T-fixed spaces and generic points on the curve, because the role of the topology and
geometry is largely unlinked: we discuss this in Section [7l Finally, in Section [§ we turn to the more
subtle question of how to deal with points with finite isotropy and torsion points on the elliptic
curve.

6. PROPERTIES OF EQUIVARIANT ELLIPTIC COHOMOLOGY.

6.A. Geometry of the elliptic curve. In this section we summarize the relevant properties of
the T-equivariant elliptic cohomology defined in [Gre05]. We begin by introducing notation to
describe the elliptic curve. Let C be a rational elliptic curve

0

kTN
C T> S

with identity 0 and structure map p, over an affine Q-scheme S.
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We write O for the structure sheaf of C, and for a divisor D, the sheaf O(D) consists of functions
with Div(f)+ D > 0. We write K for the constant sheaf of meromorphic functions on C' with poles
only at points of finite order.

For any n > 1 we write C[n] = ker(n : C — () for the subgroup of points of order dividing
n and C(n) for the scheme of points of exact order n. It is convenient to index certain divisors
by representations of T. Given a representation V with VT = 0 we write V = > o, anz", and take
D(V)=3", a,C[n]. Thus we have

K = colimyr_o O(D(V)).

Next, we write K, for the functions regular on C' <n>E and T,,C = K/K,, for the sheaf of principal
parts of functions on C'(n); this can also be described as the local cohomology group H, é<n>(C’). We

set
7C =PT1,C.

For a finite subgroup A = T[n], it is the topology of X4 which controls the behaviour of the
equivariant elliptic cohomology of X near C'(n). As a consequence we adopt the convention that

C(4) = (4]
Ka=K,
T,C =1T,C

We write ) = Q¢ for the sheaf of Kahler differentials, and Qdc for its d™ tensor power. We write

w=p,N=0"Q

for the Og-module of invariant differentials. Our analysis will involve expressions of the form
f(Dt)*, where f is a meromorphic function on C' and Dt is an invariant differential; this may be
regarded as a section of

K @0 p*w* = K 00 Q](Cj

We will identify the constant sheaf IC and its twists by differentials with their modules of global
sections. That is, we will generally not distinguish in our notation between

K ®o Qz« = K@op*g*

and
DK © Q8) 2 (K 90 p'w’).

6.B. Coordinate data. We recall that to give an T-equivariant elliptic spectrum we specify not
only an elliptic curve C but also a section ¢ of K¢ which is a coordinate at the identity of C'. Note
that it is equivalent to specify a pair (D,w) where w is an invariant differential and D is a divisor
satisfying

()degD—O
>C[npl(P) =0

(2)
(3) np =0 unless P is a point of finite order of C'
(4) no = 1.

3This is also the local ring Oc¢(ny-
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The first three conditions imply that there is a meromorphic function ¢; € K with Divty = D; the
last condition implies that ¢; is a coordinate at the identity.

In this paper we work with a complex elliptic curve C' =2 C/A, in which case, if P is a choice of
lifts to C of the points of D, then we can take

ti(z) = H o(z — P)"P.
P

Next, for s > 1 we define t; to be the meromorphic function with the properties

(1) Div(ty) = Cs) — [C(s)](0)
2) (¢t (0) = 1.

In our complex case, if C'(s) C C is a set of lifts of the points of C(s), then

1(2) = 3, 0@ 7 ~P)
: ST o (2)ICE

where \; is a constant easily expressed in terms of values of the sigma function.

We use t/Dt to make TsC ®w/, into a torsion Q[c]-module, where Dt is the invariant differential
agreeing with dt; at the identity: for f ® w € T,C ® wg,

Ffow=t'fo (Dt) ™ w.

6.C. Spheres and line bundles. Let V be a virtual complex representation of T, and suppose
that VT = 0. The spectrum EC is constructed so that
EC(8") = H'(C;0(~D(V)))
for i = 0,1. Twisting by a trivial representation of rank 1 is equivalent to a double suspension, and
as in the non-equivariant case this introduces a twist by the Kahler differentials, giving
ECT*(SY) = H'(C;O(=D(V)) @ (24)*%)
EC3_(SY) = H(C;O(D(V)) @ (2¢)%%).

7
6.D. Localization and completion. Elliptic cohomology satisfies a localization theorem and a
completion theorem.

Let F be the family of finite subgroups of T. Recall that there is a universal space EF for
T-spaces with isotropy in JF, characterized by the fact that its fixed points under finite subgroups
are contractible, whereas EFT = (). This is related to the join EF = S° % EF by the cofibre
sequence 5

EF, — S° — EF.
It is convenient to use the models
EF=J S(V)and EF = | J SV,
VT=0 VT=0
where S(V) is the unit sphere in V and SV =2 S% x (V) is the one-point compactification of V.

The usefulness of these spaces arises since for any based T-space X, the inclusion XT — X induces
a weak equivalence

X"NEF = X ANEF.
The corresponding statement holds for spectra if we use geometric fixed points, but we restrict to

spaces so we can retain familiar notation.
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Lemma 6.1. For any T-space X we have
ECT(X NEF) = H, (X", K ® QF).

Similarly in cohomology for finite complexes X. The corresponding statement holds for spectra if
we use geometric fized points.

Proof. Since EF = colimyr_qSY and X A EF ~ XT A EF we easily deduce this from the values
on spheres. Indeed, colimy O(D(V)) = K, so that
ECY,(EF) = K ® (26)%.
O

Before stating the completion theorem, we pause briefly to summarize the relationship between
Borel homology and cohomology, which is described in more detail in Appendix[Al Given a graded
module M over H*BT = k|c|] for a field k, we can form the Borel cohomology H}(X; M), and in
certain cases there are simple descriptions. (This notation means the cohomology theory represented
by the module over the Borel spectrum, and not a Brown-Comenetz type theory as in [Gre05]; the
distinction is explained further in Remark [A.3]). If M is flat and X is a finite T-CW complex, we
have

Hp(X; M) = Hp(X) @pu-pr M.
As usual, homological and cohomological gradings of the same module are related by M, = M~F,
and c is of cohomological degree 2 and homological degree —2. It is also useful to consider the
torsion H* BT-module (M[c™1]/M). If ¢ is not a zero-divisor in M, there is a natural map
w: HR(X; M) — Homby, po(HEX; 272(Mc™Y/M)). (6.2)

If M is a free module, then M[c~!]/M is injective, so we have a natural transformation of cohomol-
ogy theories, and it is easy to check then that the map is completion. Since completion of M does
not affect M[c!]/M, we see that if M is the completion of a free module then # is an isomorphism.

For example, if M = H*BT, then
>~2(M[c" /M) = H,BT,
and this is injective, so we have the isomorphism
Hi(X; H*(BT)) = Hom'y. gp(HE X; H,BT).
For example, let O} be the formal completion of O at C(A), and let M = O’} ®w* be considered
as an H*BT-algebra via
crrta® (D)7
Then
(M[c™)/M) = TaC @ ",
and this is an injective Q[c]-module. Thus Example (A.I0]) shows that we have
Hi(X;0) ® w*) = Hompy(pr) (Hy (X), TaC @ w*).
Lemma 6.3. For any T-space X
ECH(X NEFy) = [[ HR(X*; 04 @ wf).
A
If HY (X4) = H,(X4) ® H,(BT) for all finite A C T then
ECHX NEFy) = [[H (X404 @ wg).
A
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The corresponding statement holds for spectra if we use geometric fixed points.

Proof. The first statement amounts to the fact that EFC AXEF, is injective, with coefficients TC'®
w¢. Now we use the fact that there is a rational splitting EFy ~ \/ 4, E(A) corresponding to TC' ~
@, TaC, and that [X, E(A) AY]T = [X4, E(A) AY]T. Passing to the summand corresponding to
A, the H*(BT)-module structure on rings of functions is through ¢4 /Dt. The second statement
follows since the short exact sequence

00— Ky —K—T4C —0
gives an isomorphism
Hom g+ g1y (H«(BT), TAC ® w§) = Ext s (pry(H.(BT),Ka ® w§) = O4 @ Wi
(See Appendix A for further details.) O

6.E. Periodicity. It is sometimes convenient to define the “periodic ordinary cohomology spec-
trum” by the formula

HP = \/ 3*H
keZ
This spectrum has the feature that

spf HP'CP™ =~ Gy,
while
HPYS* = mHP =T (wg ).

Note that the coordinate data used to construct EC' determine an isomorphism

~

C~G,

carrying Dty to the standard generator of ([A}a, and so inducing an isomorphism
H*(X;R®uw") =2 HP*(X;R).

We shall find it convenient simply to define w*-periodic cohomology as

HP*(X;R) ¥ H*(X:Row}).

With this notation, the localization and completion isomorphisms above become
ECT(X NEF) = HP.(X";K)

ECH(X NEF,) = [[ HPH(XA0)).
A

6.F. The Hasse square. The localization and completion theorems combine to give an extremely
useful long exact sequence, relating equivariant elliptic cohomology to Borel cohomology and the
elliptic curve. The idea is to take (i) information from the T-fixed point space, generic on the curve
and (ii) information from the A-fixed point space in a neighbourhood of the points of order |A| on
the curve and to splice them together. The idea that points with isotropy of order n in topology are
associated to points of order n on the curve is a recurrent central theme. Topological and geometric
information interacts very little over T-fixed spaces, but much more over points with finite isotropy.

This sequence is [Gre05] 15.3], but we have used Remark [A.10l to give it in a more geometrically
transparent form.
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Proposition 6.4. For any T-space X there is a long exact sequence

. — BECR(X) — H' (X" K@ Q) x [[ HR(X 04 @ wl) —

A
HM(XY K @ wg) — BECRHY(X) — -+, (6.5)

natural in X, where K+ = [[,O% ® K. If we are given an isomorphism H}(X?) = H,(X4) ®
H,(BT), then we obtain an isomorphism

HR(XA 00 @ wh) = HY( XA 04 @ wg). (6.6)

The corresponding statement holds for spectra if we use geometric fized points.

Remark 6.7. (1) The first displayed map is a ring homomorphism when X is a space.

(2)
(3)

For the spaces we care most about, H*(XT) and H%(X*) are in even degrees for all A, so
that this degenerates to give a pullback square of rings for EC3(X).
We remark that we may arrange that the map

HY (XK 0 02) x [ HEXA 04 @ wg) — H'(XT3 K @ wf)
A

from the long exact sequence is the obvious one. On the XT factor, it is induced by the
natural map

K — K.

On the X4 factor, we may arrange that it is restriction along
XT o x4,

composed with the natural map
Oh — Kj-.

To make sense of this, we arrange that both remaining terms may be interpreted as Borel
cohomology. Indeed, we may make K% ® w(, into a module over H*(BT) by letting ¢ act
through #|4;/ Dt in the A-factor, and as such we have

HM(XT Ky ©wg) = HH(X K3 @ Wg).

It will appear from the proof that the map is as stated by naturality of the completion
theorem.

The exact sequence ([6.5) suggests that ECT(X) is related to the cohomology of a sheaf
on C: the HY(XT; K ® Q) factor concerns the behaviour of a section generically on C,
while the HZ(X4; 0 ® wg,) factors concern the behaviour in small neighborhoods of the
points of finite order. We shall study the string orientation from this point of view in Part
Bl
Indeed, the Borel cohomology groups which appear in (G.5]) are essentially those which
describe Grojnowski’s sheaf-valued theory (in the case of a finite complex). Note that
Grojnowski treats the case of an elliptic curve of the form C/A, and uses the projection

C — C/A

and translation in the elliptic curve to give O the structure of an H*BT-algebra. One of
the innovations of [Gre03| is to handle the algebraic case, using the functions t| 4 to make
O’) into an H*BT-algebra.
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Proof. Any T-spectrum E occurs in the Tate homotopy pullback square

E — EANEF

! |
F(EF,,E) — F(EF.,E)\NEF

where F is the family of proper subgroups, and applying F'(X, -) we obtain the homotopy pullback
square
F(X,E) — F(X,ENEF)
! !
F(X\NEF,,E) — F(X,F(EF,,E)\NEF).
Note that
X,Y ANEFT =[@"Xx,0"Y], = [XT, ®TY],,
so that both the right hand terms can be expressed in terms of the geometric fixed points of X. In
tlle case that E is elliptic cohomology, we apply the localization theorem to see that 7. (F (X, EC' A
EF)) = H*(X"; K ® w},) and the completion theorem to see that

T (F(X ANEF,, EC)) = EC3(X NEF,) = [[ Hi (X4 04).
A

7. THE SIGMA ORIENTATION.

In this section we describe the construction of our Thom class for the tautological bundle over
BStringe. We implement the strategy for bundles over T-fixed spaces, by showing how to use the
Weierstrass sigma function to construct a Thom class. Details for spaces which are not fixed are
deferred to Section B

7.A. The sigma function. First of all, we write o for the expression

12 12y H (1—q"w)(1 - qnw_l).

U(w7Q) = (w p (1 _ qn)2

We can consider o as a function of (z,7) € C x h by setting

w?” — eT’Z
qr _ e27rir7—

for r € Q. It is convenient to consider o sometimes as a function of w, writing the first argument
multiplicatively, and sometimes as a function of z, writing the first argument additively. We’ll
adopt the convention that the second argument (7 or ¢) indicates the form of the first argument.

The function ¢ is holomorphic, vanishes only at lattice points, and has the following properties.

0(z,7) = 2+ o(2?) (7.1)
o(—z,7)=—0(z,7) (7.2)

o(z + 2mil + 2mikr, 7) = (—1)FFe=kz= mik*T To(z,7) (7.3)
o(we" q) = (~1)}w g T o(w.q). (7.4
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7.B. The Witten genus and the sigma orientation. We use the expansion of ¢ in terms of z
in (7I) to determine an exponential orientation for complex vector bundles. More precisely, if V'
is a complex vector bundle over X, then there is a Thom class

Thom(V) = Thom? (V) € H*(XV;C), (7.5)
characterized by the property that, if

co(V) =TT + ),

then the Euler class associated to Thom(V) is
e(V,7) € ] o). (7.6)

As explained in [HBJ92] (see also [Wit87] and [AHSO01]), the ¢-form of o is the K-theory char-
acteristic series of a multiplicative orientation

o: MSU — K[q]

for SU bundles in integral K-theory, with coefficients in Z[¢]. The Euler class of V=L ®--- & Lq
is

e(V,q) = H o(Li,q) =A_1(V)® ®A_qn(V —rank V) ® A_pn(V —rank V).

That is, the orientation given by ¢ is a twist of the A orientation of Atiyah-Bott-Shapiro. The
associated genus is of an SU-manifold M is
A(M; ® Sgn(V —rank V) @ Syn (V — rank V)),
n>1
which is known as the Witten genus.

In [AHSO1], the authors define an elliptic spectrum to be a triple (E,C,t), where E is an even
periodic ring spectrum (and so complex-orientable), C' is an elliptic curve over moFE, and ¢ is an
isomorphism of formal groups

t:spf E°CP™ = C.
They show that the data of an elliptic spectrum determine a map of (non-equivariant) ring spectra
o(E,C,t): MU(6) — E.
called the sigma orientation.

The Tate curve is an elliptic curve Cmye over Z[q] which provides an arithmetic model for the
multiplicative uniformization of a complex elliptic curve as

C=C/A=C /g,

where A = 2miZ + 2miTZ and ¢ = €*™7. It comes with an isomorphism of formal groups

~

t:Gy = CTate7

30 Kmate dof (K[q], Crate, t) is an elliptic spectrum. It turns out [AHSOI), §2.6,2.7] that the sigma

orientation of Krute is just the restriction to MU (6) of the orientation above: that is, the diagram
MU (6)
l %&tc)
MSU —— K [4]

comimutes.
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7.C. The Borel equivariant sigma orientation. If V is a G-equivariant SU-bundle, then there
is similarly an equivariant Thom class
Thomg(V) ¥ Thom(V x¢ EG) € H5(XY), (7.7)
and we write
ec(V) & ¢* Thome (V) € HE(X) (7.8)
for the associated Euler class. In this section we record some formulae for this class and some

related characteristic classes, in the case of the circle group. In Sections [7 and [8, we use these
formulae to construct the equivariant sigma orientation.

Suppose that V is an T-bundle over an T-fixed space, given as

VELIQar® & Li® ay, (7.9)
where L; is a complex line bundle with Chern class z; and a; € TV. Let m; = log a; € Z. Then
er(V,7) = H o(x; +m;z,7), (7.10)

(2

where z = ¢; L € H?(BT). Considering z to be a complex number defines maps
H*(BT) = C[2] — O¢ — C[z] = HP°(BT)
and we observe that er(V') defines an element of
HP*(X;0¢c) C HP*(X;C[z]) 2 H*(X)[z] = HP*(X x BT).
When working multiplicatively, we set w = €.
The manipulations that follow are more manageable if we adopt vector notation, and abbreviate
x=(x1,...,249).
Similarly we’ll write u; = ¥ and
u=(e",...,e%).
If = is such a vector, we define
o(x,T) o H o(x;,7)
and similarly for o(u,q), so o(u,q) = o(x,7) as in]the “scalar” case. Then if

Vng@...@Ld

with
z; =l
and
x=(x1,...,24),
then
e(V,7) =o(z, 7).
If

w=(Ly,..., Lq)

then the corresponding K-theory Euler class is

e(V,q) = o(u, q);
and these are related by
e(V,7) =che(V,q),

where ch is the Chern character.
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This notation is particularly helpful when we have to deal with the equivariant Euler class. Let
T C SU(d) C U(d) be the standard maximal torus, and let

T = Hom(T,T)
be its lattice of cocharacters: so
T = {diag(wi, .., wa)| [ wi = 11,

and .
T2 {meZY m;=0}
Define
I TxT—7Z
6T —7

by the formulae

¢(0) =0
d(km) = k*¢(m)
¢(m +m') = ¢(m) + I(m,m') + ¢(m’)
6um) = o(m) (T
I(km,m') = kI(m,m') = kI(m',m) etc
I(wm,wm') = I(m,m’)

form,m' € T, k€ Z, and w € W.

Remark 7.12. Note that Lemma [4.12] shows that, for SU(d), the formulae for ¢ and I here agree
with those in 4.8l

As above, we continue to suppose that © = (x1,...,24), and u = (uq,...,uqg) = (e",...,e%).

We define
I(x,m) = ija:j.

uf — TTum

— e[(m,m)'

and

so that

If b is a scalar, then the meaning of
mb = bm = (mqb, ..., mgb)
is clear. Its multiplicative analogue is
gr= (", ..., "),

again these are related by



With these notations, the functional equations for ¢ imply the following.

Lemma 7.13. Suppose that A = 2mil + 2mwikT, that © = (x1,...,24), and u = e®. Suppose that
m €T. Then

O'(l‘ + mA, 7_) _ e—kl(m,x)—27ri7—k2¢(m)o_(

o(ug"™, q) = uH M=K oM g(y ). O

z,T)

Remark 7.14. The factor of (—1)!** in (Z3)) contributes 1, because it becomes
(_1)(l+k)2mi -1,

Remark 7.15. To work with virtual vector bundles, we may as well extend our abbreviations by
using super-vector notation, and so let

T = (mo,:nl),u = (uo,ul),m = (mo,ml),

etc. stand for ordered pairs of quantities as above. So for example

o(x,7) =

o(x0,7)
L7

o(x

Our first use of all this notation is to give the following result about the equivariant Euler class

associated to the sigma orientation. It shows that that characteristic class restriction ¢ =0 = ¢

suffices to ensure the Euler class descends to a meromorphic function on the elliptic curve. This
observation goes back at least to [Wit87, BT89]. Note that if V' is a T-vector bundle over a T-fixed
space, then it admits a decomposition

vevliev,
where V' =2 V/VT.
Proposition 7.16. Let m = (mq,...,mg) : T — T be a cocharacter, corresponding to a component

BZ(m) of BSU(d)T, and let ¢ be the tautological T-equivariant vector bundle over this space. Let
x = (x1,...,2q) be the roots of the total Chern class of . Then

er(€)(z,7) = o(x + mz,7) = o(uw™, q) € Hi(BSU(d)"; O¢)
and
er(€/€0) (2, 1) = H o(z; +mjz,T) = H o(ujw™, q) € HA(BSU(d)™; Oc)
m;#0 m;#0
These elements satisfy
er(§)(z + A\, 7) = exp (—k‘[(m, m) — kI(m,m)z — 2m’k2¢(m)7') er(§)(z,7)
er(€/EN)(z + N\, 7) = exp (—k:I(m, m) — kI(m,m)z — 2m’k2¢(m)7) er(€/€0) (2, 1)

if X\ = 2mil + 2mwikT; in g-notation this is
er(€)(wg", q) = uF Mgy =R mm) g=k200m) e (6 (10, )
er(£/€)(wg", q) = uR My =RImm) (=k26tm) ery (¢ /€T) (w), )

In particular, if V = Vo — V7 is a T-equivariant bundle over a T-fixed space X , with c:lfV =0= cgv,
then
er(V/V7)(z,7) € Hi(X;K)
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Proof. The formula for the equivariant Euler class is just (Z.10]). The transformation formula follows
from Lemma [Z.13] Note that the entries m; = 0 make no contribution to I(z,m) or ¢(m). Lemma
T3] then shows that if V = Vj — V; is a BU{6}-bundle, then er(V/VT) descends to K¢; it remains
to show that it is non-zero. We have

R LA
'H‘(V/V ) - e’]I‘(Vl/VlT)

Hm?;éo U(‘T? + m?z, T)

B Hmjl_;éo o(zj +mjz,T)

Each factor of the product is of the form o(x + mz, 7). This is holomorphic, and the cohomology
class x takes integer values on homology classes, so it has zeroes only at points of finite order (i.e.,
when a multiple of z is a lattice point). Accordingly, the product takes values which are invertible
meromorphic functions.

O

7.D. The Thom class. In this section we give the formula for our Thom class, although the proof
that it works as we say depends on some results in Section [

Let X = BStringc, and let £ be the tautological bundle over X, so
M Stringc = X¢.

We will use the exact sequence of Proposition to specify a class in ECp(X £ ), taking advantage
of the fact, proven in Proposition 0.7, that H; X 4 is concentrated in even degrees, so that we have
an exact sequence

0— ECT'(X) — H™(XT K0 Q) x [[ Hi (X404 @ wf) —
A
(X Ky @ wg) — ECETH(X) — 0. (7.17)
Thus we must specify
¢r(6) € Hi(X")*: Ko)
and, for each finite A C T, an element
ba(6) € HE(X0)),
with the property that
Ba(©)] oy = ¥1(6) (7.18)
in
Hi(XT)*K3).
The obvious way to produce such a class is to start with
Thomt(£) € HA(X), (7.19)
and then for each A to pull back along
(X - (X4 - x¢,
Thus for all A, finite or not, the formula for v 4 is

$a(€) = Thom(£*)er(£/67). (7.20)
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Here Thomr(£4), as defined in (Z7), is the Thom class using o of the T-Borel construction of &4,
and er(£/€4) is the Euler class, again using o, of the T-Borel construction of the “complement”

¢ —eh=gen,
First we note 11 behaves as it should.
Lemma 7.21. The class Y1 (§) gives an element of
Hi(XT) 1 Ke),
and multiplication by Y1 (§) is an isomorphism

HE(X"; Ke) 25 Hi (X5 Ko).

Proof. Tt is an isomorphism because Thomr(¢") = Thom(£7) is a Thom class, and in Proposition
[T.16] it was shown that er(£/€7) is a unit of Hi(XT; K¢). O

We turn now to ¢4 for A C T a finite subgroup. Our formula gives an element of
Hi (X4 Ke)
and we produce from it an element of
HE((X), Ka)

simply by choosing, for each point a of order n, a lift a, and then electing to evaluate our element of
K¢ near a. Of course the apparent dependence on arbitrary choices is not satisfactory. In Section
[B, we shall prove the following result.

Proposition 7.22. The value of 1Y 4(€) at a € C depends only on the image a of a in C. As such,
multiplication by 1V 4(§) is an isomorphism

HE(X4;04) 225 Hy(X4)E04).

Thus we have the following.

Theorem 7.23. Let £ be the tautological T-equivariant complex vector bundle over X = BStringc.
The classes A(€) for A C T assemble to give a class (&) € ECt(X%), and multiplication by 1)(€)
s an isomorphism

BCH(x) X, pos(xt).

Proof. Lemmal[7.2T]and Proposition [7.22] together with the exact sequence (7.17]) show that we have
assembled an element of (&) of ECT(X¢). Moreover, using the exactness of (ZI7), its analogue for
ECT(X¢), the Thom isomorphism in ordinary cohomology, and the Five Lemma, we may conclude
that multiplication by (&) is an isomorphism. O

7.E. Multiplicativity. Theorem [7.23] gives a map of spectra

¥ MStringc — EC.

By Proposition B4l M Stringc is an E ring spectrum, and we would like to know that map is
multiplicative.

Theorem 7.24. The map ¢ : M Stringc — EC is a ring map up to homotopy.
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Proof. The product on M Stringc arises from the formula
(X xY)VOW = xV AyW,

and the map v is multiplicative because it arises from the exponential class Thomr . O

8. TRANSLATION OF THE THOM CLASS BY A POINT OF ORDER 7.

In this section we assemble a proof of Proposition [[.22l The formula (7.20]) for 14 gives an
element of

Hi(XM¢ Ke),

and we must show that this element descends to K4 and is holomorphic near a € C(A).

8.A. The strategy via translation. The cohomology ring H*BT is the ring of functions on the
completion of C at the origin, so to study ¥4 near a point a € C(A) = 7~ 1(C(A)), we study T4
near zero. The essential problem is to understand the Euler class
C"Tiva € HE(XH)

near zero. Here ¢ denotes the zero section, and T will denote translation in C or C. Using the
description of H*BSU (d)* in §&A] we introduce a characteristic class

54(V) : C{A) — H3(BSU%; Ke),
with the property that

5a(V,a) = ¢ TEda(V).

The explicit formula for 4 makes it possible to prove Proposition[7.22l For example, we show that
if € is a Stringc-bundle, then d4(&, a) depends only on 7(a) € C'(A): that is, we have a factorization

C(A) - 4, H:BString#

| T

C(A) —2 H:BSUA.

This argument by translation was introduced by [BT89], and its use in Grojnowski’s equivariant
elliptic cohomology goes back to Rosu [Ros0l]. The class d4 was introduced in [And03b], to
show that the translation argument could be made independent of the complicated choices in
[BT89L Ros01].

As we note in the introduction, earlier treatments of the Thom class required the translation
argument even to give a formula for 4. Our formula (T20]) (essentially, ((.I9])) does not involve
the translation argument, and so is much simpler than earlier formulae. What we must do is adapt
the translation argument to show that our ¢4 has the required properties.

8.B. The class §4. Suppose that A = T|[n] is a finite subgroup of the circle. We define an element
of H*(BSU(d)?; Oc) as follows. Let V be the tautological over BSU(d). Suppose that

m:(ml,...,md):A—>T

is a homomorphism, corresponding to a component of B.S U(d)A. Thus m; € A* =2 7Z/n, and

Zmi =0 mod n.
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Suppose that z; are the Chern roots of V' with respect to this decomposition: that is, we suppose
that we have a splitting
VL ® (C(ml) @ - Lqg®C(my),
where
m; = logaj and x; = ¢1L;.

Let a be a point of C' of order n, and let a be a lift of a to C. Define integers k and [ by the
formula
na = A = 2mwil + 2mwikT,
and let A = 2mil 4+ 2mwikT. Let m be any factorization

T "5,

|~

A
That is, m; is an integer lift of m;.
In order to give g-expansion formulae we also set
W=
o — e'a

for r € Q. Finally, let 64 = da(x,m,a) be the expression

= exp (s Dy + 55 > m3) [[ola; +rija,7) (8.1)

J
= u%I(m)a%‘z’(ﬁl)a(uam, q).

Lemma 8.2. The expression §4 is independent of the choice of lift m. Moreover, it is invariant
under the action of W(m), the Weyl group of Z(m). As such, it defines a characteristic class of
principal Z(m)-bundles.

Proof. Suppose that /m/' is another lift. Then
m =m+nA,

where A € Hom(T,T"). Then

Sa(z,m',a) =exp(EI(m +nA,z) + Eag(m + nA))o(z + (M + nA)a,T)
=exp(EI(m, ) + kI(A, 2) + Eag(m) + kal (m, A) + knag(A))o(z + 1hma + AN, 7)
=exp(EI(m,2) + kI(A,2) + Eag(m) + kal(m, A) + kA¢(A))
exp(—I(z, kA) — I(m, kA)a — 2mitmg(nA))

o(z + ma,)
=04(z,m,a).
Now suppose that w € Z(m) so wm = m: then
wm =m + nA
for some A € T, and a similar argument to the one just given shows that

da(x,m,a) = 0a(wx,wm,a) = da(wz,m +nlA,a) = 04(wz,m,a).
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O

As a related matter, it is easy to understand the action of a general w € W (i.e. one which does
not necessarily fix m).

Proposition 8.3. For w € W, the Weyl group of SU(d), we have

doa(wz,wm,a) = da(z,m,a).
That is, the family of expressions §(z,m,a) for m € Hom(A,T) satisfies the hypothesis of Propo-
sition [J.7, and so assemble to give an element of H* BSU(d)A. O

Remark 8.4. As noted in Remark[Z.15] the appropriate extension to virtual vector bundles is given

by the same formulae, provided we admit Z/2-graded notation. Thus if 2 = (2°, 2'), m = (m°,m?),

and m = (m°m!), then
Sa(z,m,a) =6(z0,m°, a)/6(zt, mt, a).
Definition 8.5. If V is a virtual T-equivariant vector bundle over an A = T[n]-fixed space X, with
F(V) =0,
and if a is a point of C over a point a of order n in C, then we write
0a(V,a)

for the class in H*(X) provided by Proposition 83l

Now we investigate the dependence of §4 on the lift a. Suppose a’ is another lift of a. Then

there are €, € Z such that
@' = a+ 2mie + 2midT,

S0
o — e
and
en&’ _ qk-l-m;‘
Let k' = k +nd. Then ,
w(a,q%) def —at+br _ —a/+%r

is an '™ root of unity which does not depend on the choice of lift &; in fact it is the Weil pairing
of a with ¢'/" [KMS85, p. 90]. Because it is an n'" root of unity, the quantity

1. h(m) def 1. b(mm
w(a, q7)"™ E w(a, gr)?™

does not depend on the lift m of m. The dependence of §4 on the choice of lift @ is given by the
following.

Lemma 8.6. )
Sa(Vim,a') = w(a,qn)*™64(V,m, a).

Proof. Let a = e®. In g-notation,
54 (Vo @) = 1 100 (agd) 5 807 5 (e g )
— u%I(m)ual(m)a§¢(m)a5¢(m)q5§¢(m) q52¢(m)u_él(m)a_él(m’m)q_52¢(m)a(uam7 2
= 64(V, 1, a)a—&b(ﬁ"b)q6%¢(m)a—61(m,m)‘

Noting that



the last expression becomes
0a(V,m, d)oz_&b(m)qé%¢(m)a_6l(m’m) = w(a, q%)‘s‘b(m)&A(V, m,a).
O
Proposition 8.7. If V is a virtual T-equivariant SU-bundle with c5 (V) = 0, then class 64(V, )

does not depend on the choice of lift a of a. Equivalently, for any two lifts a and @’ of a,
04(§,@)|pugera = 0a(§, @) puieya;
where & is the universal bundle over BU{6}4.

Proof. Lemma [4.13] implies that, if m is any reduction of the action of A on V, and if m is a lift of
m, then

¢(m) =0 mod n,
so w(a,g/™)*m =1, O

It is important that the class d4 has a Borel-equivariant version as well. For if V is a T-
equivariant bundle over an A-fixed space X, then the T-action preserves the decomposition into
isotypical summands for the A-action

V= @ a® Hom(a, V).
acAY

and so the reduction m determines a T-equivariant principal Z(m)-bundle over X. Put another
way, the T-action on BSU(d)? determines one on the component BZ(m), and as such the map
classifying the Borel construction of the tautological bundle factors as

ET xt BZ(m) —— BZ(m)

|

BSU(d)4.
We write 65(V,m, a) for the resulting Borel class, in H:(X;Oc).

It is important to understand the restriction of 5§ to the fixed subspace Y = XT. Since Y C X,
any reduction
m: mY — Hom(T,T)

of the action of T on V|y is a lift of m. If x = (z1,...,x4) are the Chern roots of V']y, then

KV a)ly = 05 (z,m,a) = exp(EI(, = + mz) + Eag(m))o(z + mz + ma,T) (8.8)

As promised, we can now show that 55{ is the translation of the equivariant Euler class associated
to o.

Proposition 8.9. Let £ be the tautological bundle over BStrz'ngé. Then
04(&.a) = Tyer(¢) € H*(BStringg: Kc).

Proof. Let X = BStringc. We showed in Proposition (5.7 that H*(X 4, Q) is concentrated in even
degrees and that
Hi(X4) = H*(X4)[2].
In Proposition (.7, we showed that
Hi(X4Ke) — Hi (X Ko)
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is injective, and so letting Y = X, it suffices to prove that

35 (&, a)ly = Tier(€)]y.

But under the indicated characteristic class restrictions, we have I(m,z) = 0 and ¢(m) = 0 by
Lemma [£13] and so equation (8.8]) becomes

85(&,a)ly = o(x + 1z +ma,7) = Ter(€)|y.

8.C. Variants. We need two variants of d 4, corresponding to the decomposition
Vevie Vv,
where V' 22 V/V4. To give formulae we introduce some restricted sums and products.
Let

Z, miYi = Z m;iy;
i

m;Z0 mod n
/
H fyi) = H S (i)
i m;Z0 mod n
y def I
I'(m,x) = mayi
7
PP
¢'(m) = B} Z mimy;
7
7 B
Z miy; = Z mqYi
i m;=0 mod n
"
I//(max) = Z mzyz
i
"o~ 1 "o
¢ (m) = ) Z mgmy
7

T rw=TI fw

) m;=0 mod n

and let



Notice that

I=I+1"
¢:¢/+¢//
54 = 8,0

Our analysis of 04 applies to ¢’y and ¢’} to give the following.

Proposition 8.10. The classes ¢'y(x,m,a) and 8’y (x,m,a) are independent of the choice of lift m,
and are invariant under the action of W(m). Moreover if w € W, then

&y (wz, wm, a) = 8y (x,m,a),
and similarly for §'y. As such, they assemble to give elements of H*(BU(d)?). As d varies, they
define stable exponential classes §'y(€,a) and &'4(€,a) in H*(BSU#).

Proof. The arguments for 64 in §8.Bldecouple in this way. The main point is, if V' is an A-bundle
or T-bundle over an A-fixed space, then with respect to the equivariant decomposition

Vevie Vv,

the “prime” parts above correspond to V', while the “prime-prime” parts correspond to VA. O

The behaviour of ¢’y and ¢y with respect to change from a to @' is similar, but there is an
additional subtlety. First of all, note the following.

Lemma 8.11. For any lift m of m, we have

#"(m) =0 mod n.

Proof. Recall that ¢ corresponds to restriction to V4, where each m; =0 mod n. We have

WWZ—Z%W%

1<j
O
Proposition 8.12. If a’ is another lift of a, and § is defined by
g
then
Sy (V,m,a') = w(a, q%)5¢’(m>5;1(v, m,a)
= w(a, q%)w(m)cﬁ;(‘/, m,a)
and

S (V,mya') = 8% (V,m,a).

In particular, we have a well-defined characteristic class 0'y(&,a) of BU{6}-bundles, and a well-
defined characteristic class 8’y of BSU-bundles. O

The fact that, even for an SU-bundle, ¢4 (V, @) does not depend on the choice of lift @ is striking,
until it is discovered to be trivial. Recall from (7.6]) that, if V' is a (virtual) vector bundle, then
e(V) is its Euler class with respect to the orientation given by o.
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Proposition 8.13. Let V' be the tautological bundle over BSU(d). For any choice a of lift of a,
§4(V,a) = e(VA).
and
(D)5 (V,a) = er (VY
Proof. Let o = €%, so
o =gk
Let m be a lift of m : A — T, and define integers A; by the rule
{@ m; =0 modn

n

A; = )
0 otherwise.

Let

u=(e",...,e").

We use g-notation.
S (z,m,a) = u%I”(m)a%‘f’”(m)a"(ucxm)

= u%I”(”A)a%‘i’”(”ma”(ucx”A)

_ ukl”(A)akn¢”(A)0//(uqkA)

= 0" (u),
as required. The equivariant case is similar. O
Corollary 8.14. We have

T Thomp(V) = Thom(V) € Hi((BSU(d)™)V"; 0¢).

That is, the Thom class is invariant under translation by a.
Proof. Proposition [RI3] gives the result for the corresponding Euler class. In this universal case,

the cohomology of the base BSU (d)A is a domain, and cohomology of the Thom space is a principal
ideal, so the result for the Euler class gives the result for the Thom class. O

For our analysis, a crucial feature of ¢’; is that it has no zeros or poles near 0.

Proposition 8.15. The class (§))5(V,a) gives an element of Hi(BSU(d)4; O¢ ). Moreover, if €
is the tautological bundle over BStringé, then

(62)5(V.a) = Tyen(£/€") € H(BStringe; OF )

Proof. For the first part, it suffices as in the proof of Proposition to check that ((5;1)8 (V,a)
restricts to an element of Hi:(BSU(d)"; O¢ ). We have

(04)5(V,m,a)(2,7) = exp(ET (i, @ + m2) + Eag/(m)) [ ol +myz +mja, 7).
m;#0

Recall that a is a lift of a point a of order n. If m; is not divisible by n, then there is a small
neighborhood U of 0 such that m;(z +a) € A for z € U: so o(m;jz + m; a) is a unit of Oc .

Now consider the Taylor series expansion

olx +mz+a,7) =o(mz+ma,7) + o(x).
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Since z is a power series variable, this is a unit provided that o(m+ma, 7) is a unit. This proves the
first statement. The proof of the second part proceeds exactly as for the case of 55{ in Proposition
3.9l ]

8.D. Proof of Proposition [7.22] As in the statement of the Proposition, we let X = BStringc,
and we write £ for the tautological bundle over X.

To illustrate the argument we give it first for the Euler class associated to ¢4. Let ¢ : X4 —
(X A)fA be the zero section. Let Tj denote translation by a in C. Then, as we showed in Proposition

B9,
TiC*a(z) = 65(& a)(2),

so to understand the behaviour of 14 near a, it suffices to understand the behaviour of 55{ near
0. But we have shown in Proposition B that if £ is a BU{6}-bundle, then the class 65 does not
depend on the choice of lift @ of a. So

T3¢ a(z) = 04(6,0)(2) = 4(&,@)(2) = T a(2).
The refinement to 1 4 itself is clear, given the preceding discussion and the fact that, by definition,

wa = Thomy(§%)er(£/¢%).
Corollary 814 shows that
T2 Thomr(£4) = Thomr(£4)
and so this quantity is independent of @ and for that matter of a. Meanwhile by Proposition [8.15],
Tien(§/€") = (04)°(¢,a),

and Proposition B.12] shows that this quantity is independent of the lift a. Thus we have shown
that 7714 depends only on a, and not the choice of lift a.

Finally we must show that multiplication by ¥4 is an isomorphism
HE(X404) 225 Hi(X4)€;04).

Certainly Thomy(£4) is an isomorphism
HR(XH) — HE(XN).

In Proposition we showed that
Tien(¢/€") = (04)°(¢, @)

is a unit of H%(XA; Ocyp). As a ranges over the points of C(A), we find that

en(§/€%) € Hi((X™);04)%,

as required.

This completes the proof of Proposition [7.22] O
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Part 3. Analytic and algebraic geometry of the sigma orientation

In this part, we give an account of the string orientation in terms of the analytic geometry of the
curve C' = C/A. In Section [0 we associate to a T-spectrum X a sort of sheaf F(X) on C, whose
sections are calculated by an exact sequence like ([G.5]). If X is a space, this is a sheaf of rings, and
so gives rise to a ringed space F(X).

We then turn to the analysis of F(BSU(d)) and the line bundle F(BSU(d)"") over it. As before,
we begin in Section [I0l by dealing with T-fixed spaces and generic points on the curve and in Section
[I1], we turn to the analysis of points with finite isotropy and torsion points on the curve. We show
that our Thom class gives a trivialization of the line bundle F(BStringc(d)") over F(BStringc(d)).
Our argument gives a proof of the conjecture in [And03bl [And03a] in this setting. We conclude in
Section by rephrasing the situation in algebraic terms; we hope that this will eventually lead
to an algebraic proof for equivariant elliptic cohomology theories associated to arithmetic elliptic
curves.

9. ELLIPTIC COHOMOLOGY AND SHEAVES OF Oc-MODULES.

The sequence (6.5) suggests that ECTH(X) is approximately the cohomology of a sheaf on
C: the H"(XT; K ® QF) factor concerns the behaviour of a section generically on C, while the
H2 (XA, TyC @ w}) factors concern the behaviour in small neighborhoods of the points of finite
order.

In Sections 19-22 of [Gre05|, the second author constructs such a sheaf, which we describe in
§9.Al however this does not have the formal properties we need, so in §9.Bl we construct a more
suitable variant.

9.A. The Grojnowski sheaf. We briefly recall some of the properties of the sheaf M (X), (which
is denoted Mo F (X, EC). in |Gre05]).

Proposition 9.1. There is a functor M from T-spectra to w*-periodic Oc-modules enjoying the
following properties.

(1) If W is a virtual complex representation of T, then
M(SW) = Oc(-D(W)) ® w*.
(2) There is a short exact sequence
0 — XHY(C; M(X)) — ECHX) — H(C; M(X)) — 0,
(3)
MXT = 7YX, 0c @ w*)
(4) Let a be a point of C' of exact order n, and let A C T be the subgroup of order n (A =T if
n = o0). For a finite T-space X
M(X), = ECH(X™) ® Oc.
In the case that
HE(XA) = H,(X4) @ H.(BT),
then
M(X) = H (XA 000 @ w*).
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In the case of finite X and an elliptic curve of the form C' = C/A, the sheaf M(X) is equivalent
to that of [Gro07]; see [Gre05, §22]. As we have already observed, one of the important innovations
of [Gre05] is to realize that this sheaf can be constructed in the case of a rational elliptic curve, by
using the function 4| rather than the covering C — C/A to make O’; into an H*BT-algebra.

We shall be interested in taking X = BSU(d) or BStringc, in which case it is more difficult to
describe M(X) explicitly. Instead, we introduce a variant of M, which amounts to working with
the sheaf M(XT) together with the collection of stalks M(X), for a of finite order.

The long exact sequence (6.5) shows that the difference between EC%(X) and EC:(XT) is local
on the elliptic curve: the “meromorphic” sections of EC%(X) or EC#(XT) are just the meromor-
phic functions on spec(H*(XT)) x C, and the question of whether a meromorphic function s is
holomorphic can be checked one point at a time. For XT, this is a question of checking whether
for each a of finite order, s, lives in

HP*(X";00) c HP*(XT; K})
but for X on which T acts non-trivially one must specify for each finite A C T an element s4 of
HP;(X*0))
which restricts to s in
o (xX"%0%).
To display this situation systematically, we introduce the following.

Definition 9.2. The category of £-sheaves is the category in which an object F consists of

(1) an w*-periodic Oc-module Fr;
(2) for each finite A C T, an w*-periodic module F4 over the local ring O4, and a map of
O’/;-modules

A morphism F — F’ consists of maps
Fa— F)
for A C T, which intertwine the maps (9.3]).

Definition 9.4. If F is an £-sheaf, then a section s of F consists of sections s4 of F4 for A C T,
such that for each finite A,

rASA = ST.
We write I'’F for the group of sections of F.
We formalize the motivating example.
Example 9.5. If X is a T-spectrum, then M(X) defines an £-sheaf N'(X) by taking
N(X)r = M(XT)

and

with structure map



9.B. The completed Grojnowski £-sheaf of a T-space. Our main example, motivated by
Proposition [6.4], is designed to highlight the regularity of various sections we later construct. It
turns out to be a type of completion of the Grojnowski sheaf with convenient formal properties.

Proposition 9.6. There is a functor
F : T-spaces — E-sheaves.

It is defined by the formulae

F(X)r = HP*(X"; Oc)

F(X)a = HPH(XA;0)) for A finite,
with structure map

F(X)a = HPF(X404) — HPH(XT;04) = HPY(X™;00) = (F(X)1)¢ay-

The functor is a naive 2-periodic T-equivariant cohomology theory in the sense that it is homotopy
invariant, exact and satisfies excision and the wedge axiom.

There is a map
natural in X, and it is an isomorphism at T in that F(X)r = M(XT) = N(X)r. If X is finite,
then it is completion at A in that

F(X)a = HP* (X 00) = M(X) 4

Proof. For behaviour at T, we need only note that M(X) is associated to the free FC-module
F(XT,EC) of the same rank as HP*(X™;O¢).

For behaviour at A we need to recall that the stalk of the sheaf M(X) at A is defined to be the
homotopy groups of F(X, EC) A E(—A), where E(—A) is defined by a cofibre sequence
E(-A) — SY — E(-A)

and
E(-A)=\/ E(B).
B#A
Now we maps
F(X,EC) A E(=A) — F(X*,EC) A E(~A) — F(X* A E(A), EC) A E(-A).
The homotopy of the left-hand side is M(X)4, and the homotopy of the right-hand side is
HPE(X*0)) = F(X)
by the completion theorem. The first of the maps is an equivalence when X is finite since X/X A

is built from basic cells corresponding to finite subgroups other than A. The second of the maps is
a completion. O

If X is a space, then it will also be convenient to reverse the arrows and consider the ringed
spaces over C' given by

F(X)r & (C,F(X)r)

F(X)a = (C{A), F(X).a).
In this guise the structure map of £ is a map of ringed spaces over C’g (4)
(F(X)1)cay — F(X)4 (9.8)
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Definition 9.9. We shall refer to a collection of spaces F 4 for A C T, equipped with maps (9.8]),
as an £-space. If F is a E-space, then we write Op for its associated £-sheaf.

Proposition 9.10. Suppose that X is an even T-space, that is, for each A C T, H*(XA) 18
concentrated in even degrees. Then there is a natural monomorphism
I'(Op(x)) — ECH(X).

If X is T-fized, this is an isomorphism.

Proof. Consider the diagram
0 —— D(FX)) —— HO(X"0c) x [1, HY (XA 0}) —— HO(XT;K%)

0 —— ECY(X) —— H'(XTK) x [[4 HX(X4,0)) —— HOYXT;KY) —— BECLX) —— 0

(In the interest of space, we have consistently omitted terms of the form ®@w¢, from the coefficients).
The exactness of the top row describes I'(F(X)). With our hypotheses, the bottom row is exact.
The only difference between the middle terms is the O¢, mapping to K in the bottom. The middle
vertical arrow is the obvious map, and it is injective. It is clear that the left vertical arrow exists,
and is injective.

If sy € HY(XT; K) participates in an element s of the kernel of
HYXT;K) x [ HRXA;04) — HO(XT; k%),
A
and X is T-fixed then it clearly is in the image of
HY (X", 00) — HY(XT; K).

and so s gives an element of I'(F(X)), showing that the left arrow is also surjective, as required. [J

10. ANALYTIC GEOMETRY OF THE SIGMA ORIENTATION I: T-FIXED SPACES.

In this section we concentrate on T-fixed spaces and generic points on the curve. As before this is
the easiest part since the topology and the geometry are largely unlinked. We begin the analysis of
the Thom space of the tautological bundle V over BSU(d), by considering its retriction to the fixed
point space BSU(d)™. In this section we describe F(BSU(d)T) and F((BSU(d)")V). In Section
[, we include the points with finite isotropy and torsion points on the curve, thereby extending
our analysis to a description of F(BSU(d)) and F(BSU(d)").

10.A. The &-space associated to the T-fixed points of BSU(d). For brevity we write Y =
BSU(d)". Since T acts trivially on Y, we have

Hi(Y4) = H*(Y x BT)
and so I'(F(Y)) is the kernel in the diagram

0= D(F(Y)) = HP(Y;0¢) x [[HP'(Y;0%) — HP'(Y; K}, (10.1)
A
while T'(F(Y")) is the kernel in the diagram
0 —D(FYY)) = HP' (Y 00) x [[HPAYY";04) — HP' (Y'Y k). (10.2)
A
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For each component Z of Y, HP*(Z) is a domain, and so each factor in the right of (I0.2]) is a
principal ideal of the corresponding factor in (I0.1]), generated by an Euler class. Our goal is to
understand these ideals.

Recall from Proposition @7 that elements = ¢ HP%(Y) = HP°(BSU(d)") are given by compat-
ible elements

2(m) € HP*(BT)"W (™)
where m ranges over T = Hom(T,T'). Now
spf HP'BT = G,
and the projection
C—-C

gives an isomorphism

1%

G, = C,

so we have
spft HP'BT =T ® C.
Thus we may view an element of HP%(Y;O¢) as a family of functions
(T ® C)/W(m) x C — C. (10.3)
This suggests that we make the following definitions.

Definition 10.4. For m : T — T, let X,,, be the space

X (T C)/W(m) x C.

Note that this is a ringed space over C, so Ox,, is an O¢-algebra.

For w € W, there is an evident isomorphism
w: Xy — Xwm,
which is the identity if w € W (m) so that w = wm. Thus let
Xr = ( 11 xm> JW.
m:T—T

Proposition 10.5. For each m : T — T, there is a canonical isomorphism of Oc-algebras

F(BZ(m))r = Ox,,,
or equivalently of ringed spaces over C

F(BZ(m))r = X,,.

These assemble to an isomorphism

W
s (11 o)

m:T—T

or equivalently
F(BSU(d)")y = %r.
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Remark 10.6. For any space Z on which T acts trivially,
F(Z)4 = (F(Z2)1)¢ay-
Thus Proposition implies that
F(BSU(d)") 4 = (X1)(ay

for finite A, and we have given a complete description of F(BSU(d)").

Now we turn to the Thom space YV. Suppose that m = (mq,...,mg) € T C Z% labels a
component BZ(m) of BSU(d)", and x; € H?BT are the corresponding generators. The equivariant
Fuler class of V' in the orientation of ordinary cohomology given by the sigma function is

(@, 2) € ex (V) pzomy = [[ 0@ +maiz, 7). (10.7)

(2

This defines a holomorphic function
fn : (T @ C)/W(m) x C — C,

but it does not descend to X, = (' ® C)/W(m) x C as in [{03). Instead, it is a holomorphic
section of a line bundle £,,, as we now explain.

10.B. The Loojienga line bundle. There is a line bundle over
T®C=To(C*/q%)
given by the formula
(T ®C*)xC
(u, A) ~ (ug™, Au=1m)g=¢(m))’
and the Weyl-invariance of I and ¢ (C.II) imply that this line bundle descends to a line bundle

on (T ® C)/W, which we call £; as far as we know it was introduced by Looijenga [Loo76]. The
functional equation

(10.8)

o(uq”,q) =z~ ™Mq o (u, q)
of Lemma [Z.T3] implies that the product of sigma functions

o(u.9) = [ o0

descends to a holomorphic section of L.

Addition in the abelian group 7' ® C' induces a map

Lo X = (TRC) /W (m)xC 2 (TRC) /W (m) < (ToC)V ™ - (TeC)/W(m) — (TeC)/W;
(10.9)
if (ay,...,aq) € T ® C represents a point of (T'® C)/W(m) and z € C, then

pm(at, ..., aq,2) = (a1 +myz,...,aq + myz).
This has the following relationship to topology. The Borel construction of V' is classified by a map
BZ(m) x BT — BSU(d),
and so provides a map

©tor (T ® C)/W(m) x C = spt HP°BZ(m) x BT — spt HP°BSU = (T' @ C)/W.
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Lemma 10.10. The diagram
spt HPO(BZ(m) x BT) —*" spf HPYBSU (d)

! !

(TwC)/Wm)xC -t (TeC)w
commutes.

Proof. This is an expression of the fact (see ({II])) that
BWV) = H(l + x; + miz).

7

Definition 10.11. Let £,, be the line bundle
Lo L
over X,,. Explicitly, £,, is obtained from the line bundle
(T®C*)xC*xC
(u, 2, \) ~ (u, zq*, \u=1(m) z=kI(m,m) g=k2¢(m))

over (T ® C*) x C by restriction to

(10.12)

(Te(C)xC
and then descent to X,,.
It is easy to check that the functions f,, of (I0.7) descend to the holomorphic sections
fm = /[rkno-
of £,,. By construction, these are compatible as m varies.

Proposition 10.13. For w € W, the diagram

Xm

(T®C)/W

:{wm

commutes, and so there are natural isomorphisms
w*ﬁwm g £m7

with respect to which
w*fwm = fm

By the Proposition, the £,, descend to a line bundle
Lt — X,

equipped with a section fr. Because the sigma function has zeroes, fr is not a trivialization of L.
Instead, let Z(fr) be the ideal of zeroes of fr.

Corollary 10.14. The section fr is a trivialization of the line bundle L1 ® Z(fr). U
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10.C. Trivializing line bundles of string bundles I: T-fixed spaces. We now turn towards
relating this to the sigma orientation, retaining the abbreviation Y = BSU(d)".

Proposition 10.15. After identifying
F(Y)’]T = X,
the map
FYV) = F(Y)
induced by the zero section ¢ : Y — YV induces an isomorphism of line bundles over ¥t
e I(fr) = FY V).
For each finite A C T, we have
FOY)a = (FYV)1)S 0,
and so yr induces an isomorphism

FOYY)a = ZT(fr) -

Proof. Let a be a point of C, of order n with 1 < n < oco. Let

ye =yT,
Then
(F(Y)1)a = HP(Y;0p),
while
(FOYV)r)p = HRR(YY";00).
Let

m = (ml,...,md) GTCZd
be a cocharacter, labelling a component Z = BZ(m) of Y. Then H:(Z"") is the ideal in H:(Z)
generated by its Euler class

er(V%) = H o(x; +m;z).
m;=0 mod n
But
fm(V) = ex(V) = ex(V*)ex(V/V?),
where

er(V/V®) = H o(x; +mjz).

m;Z0 mod n

The argument in the proof of Proposition [B.I5] applies: the x; are topologically nilpotent, and so
er(V/V®) is a unit of M(Z)%, and f,,(V) generates the same ideal as ex(V%). O

We can display the situation described by the Proposition in the following diagram, in which
each square is a pull-back, and the curved arrows are trivializations of the indicated sheaves.

LOV)2 FYY)—— Lr®I(fr) —— LR I(0)

e Do 1

F(Y)r — Xr ——— (T & C)/W

Thus a T-equivariant SU(d) bundle V over a T-fixed space Z gives rise to a map

h:¥(Z)— X,
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and so we can form the line bundles
L(V)=h"Lr
(V) = W I(fr)
over F(Z). The section
fV)="h"fr
is a trivialization of £(V) ® Z(V'), and we have an canonical isomorphism of line bundles
F(ZV)y=Z(V).

In Section [IT], we explain how to handle the full space BSU(d), and so spaces Z on which T acts
non-trivially. Before doing so, we discuss the sigma orientation for T-fixed spaces Z.

Suppose that for i = 0,1, V? is a T-equivariant BSU(d)-bundle over a T-fixed space Z, and let
€ =VO0— V! We then have two maps

hi : F(Z) — :{’]1‘,
and we can form the line bundles £(V?) = h}Lr with sections f! = f(V?) as above. The ratio

fO
Ve

LVOYRI(V) L LVO) e FYY)
LVHZ(VY) L(VHeFYVH
Proposition 10.16. If c5(¢) = 0 then
LV =ch.

is a trivialization of

Thus if ¢5(€) = 0, then v gives a trivialization of
F(z") e Fz")
as a F(Z)-module. This is precisely our Thom class 1 from Theorem [7.23]

Proof of Proposition [I0.76. We can factor the maps
hi:Z — BSU(d)
as
hi 1 — BZ(mZ-),
where m; : T — T are cocharacters. Then the formula (I012) shows that L, = Ln, ® L;;} is
obtained from the line bundle

(T®C*)?2xC*xC
(ug, u1, 2, \) ~ (ug,uy, 2q*, )\uakl(mo)u]fj(ml)z—2k¢(m0)+2k¢(m1)q—k2¢(mo)+k2¢(m1))

over )

(T ® C*)? x C.
by restricting to (7' ® C)? and then descending to

(T @ C)/W (mo)) x (T & C)/W (my)) x C.

By Lemma T3] if c5(¢) = 0, then

¢(mo) = p(m1),
and over Z,
I(mo) u[(ml)

= U

uO 3
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and so this line bundle is trivial. O

11. ANALYTIC GEOMETRY OF THE SIGMA ORIENTATION II: FINITE ISOTROPY.

In Section [0} we constructed a model
F(BSU(d)") = %
and used it to construct a map
p:F(BSU(d)") — (T & C)/W.
Over (T ® C)/W we have a line bundle £, equipped with a holomorphic section o defined by
products of the Weierstrass sigma function. We showed that
F((BSU(d))Y)

is the ideal sheaf on F(BSU(d)") of zeroes of y*o.

Since we always have F(X)r = F(XT)r, the analysis so far describes the Thom isomorphism for

the F(BSU(d))r piece of F(BSU(d)). In this section, we give a similar analysis of F(BSU(d))a
and F(BSU(d)") 4 for finite A.

11.A. Overview. It is not hard to describe the basic idea. Let m : A — T label a component
BZ(m) of BSU(d)#. Since H*BZ(m) is concentrated in even degrees, Lemma implies that
there is an isomorphism

H3(BZ(m); TaC) = Hy(BZ(m); O%) = H*(BZ(m); 0)) (11.1)

(the first isomorphism is natural and the second involves choices). The right-hand side is the ring
of functions on

(T ® C)/W(m) x C4.

The idea is to construct a map

fim = (T @ C)/W(m) x Cy — (T ®@ C)/W, (11.2)
like the map in (I0.9). Then we can form the line bundle
Lo = pr L
with section
fm = 1m0,

and identify F(X") 4 with Z(f,,), as in the T-fixed case.

There are two related problems. The first is that the isomorphism (I1.I]) is not canonical, and we
must be able to construct the map j,, compatibly with restriction to BSU(d)" in order to extend
the analysis of Section [[0. The second is that the homomorphism

m=(my,...,mg): A—T
does not quite determine p,, as in (IL2). We do get a homomorphism
ClA] — (T ® )™,
and so a map
ek (T @ C) /W (m) x C[A] % (T @ C)/W(m) x (T @ C)V™ - Tec/Ww,  (11.3)

analogous to (I0.9). The problem is to extend this map to the formal neighborhood C7} of C(A).
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11.B. The &-space associated to BSU(d). The T-action on BZ(m) C BSU(d) (see Remark
2.1)) provides the extra information we need. The Borel construction

V xp ET — BZ(m) x1 ET
is classified by a map
BZ(m) xt ET — BZ(m),
inducing a map R
fim.0 : spf HPY(BZ(m) x1 ET) — (T @ C)/W (m). (11.4)
A choice of isomorphism
HPY(BZ(m) x ET) = HPY(BZ(m) x BT) (11.5)
permits us to view U, o as a map
(T © C)/W(m) x C — (T C)/W(m) — (T ®C)/W(m),

giving us the desired map (I1.2]) in a formal neighborhood of 0. We can then define p,, at a point
a of exact order n by translation, noting that the diagram

weak -

(T ® C)/W(m) x C[A] L2~ (T ® C)/W(m)
lXTaT TTm(a) (116)

weak o

(T'® C)/W(m) x C[A] 2"— (T ® C)/W (m)
comimutes.

In doing so, there is little to be gained by choosing the isomorphism (ILEH]). Instead, we note
that spf HP2(BZ(m)) is in any case a formal scheme over C =~ spf HP'BT, and so for m : A — T
labelling a component BZ(m) of BSU(d)#, we define X,, to be the formal scheme over C/} given
by

X = T*, spf HP(BZ(m)).
acC(A)
By construction, for w € W we have natural isomorphisms
Xm — Xwm,

and so setting

:*:A(i:ef< H xm) /VV,

m:A—T
we have an isomorphism
F(BSU(d))a =2 Xa.
Since by Proposition [10.5],
(F(BSU(d))1)gay = X,
we get a map
X4 2 F(BSU(d)a — (F(BSU(d))1)gay = (X1)¢ 4y
and so X is a £-space. Let
pim = Xy — (T © C) /W (m)
be the map which on the a component of X, is given by

Hm,0 m(a)

spf HP(BZ(m)) “% (T @ C) /W (m) " (T & C)/W (m).
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It is easy to check that the pu,, for m : A — T induce a map
pa:Xs— (T®C)/W.
Then we have the following.

Proposition 11.7. For A C T, the diagram
(Xr)ey ——  Xa

| [

¥r X (Teo)w
commutes. Thus we have an isomorphism
F(BSU(d)) =X

of E-spaces over C, and a map

X — (TeC)/W.
]

Proof. We consider what is happening over a particular point a € C' of exact order |A|. We also
work one component at a time: fix a pair of homomorphisms

T2

[~

A,

labelling a component BZ(m) of BSU(d)#, and a component BZ(1n) of BZ(m)T. We must show

that the diagram
(%m)gw — %m

lum (11.8)
X, s (TeC)/W
comimutes.

Note that the diagram

(T'&C)/W(m) x C) 2L (T C)/W (i) x C2

;U"ﬁll J{/Jffn
. Tiv(a - ~
(TwoC)/Wim) 2  (TxC)W(m)
commutes: if m = (my,...,my) € T C Z9, then either composition sends the element of (T ®
C)/W (m) x C{ represented by (z1,...,24,2) € (T @ C) x C} to the class of
(x1 +mi(z+a),...,xqg+my(z + a))

in (T ® C)/W (). Thus the counterclockwise composition in the diagram (IL8)) at a may be
replaced by the top row in the diagram

A 1xT_, ~ Tﬁl(a) >
—_—

(Xm)) — (X)) —=5 (T'® C)/W (i) (T C)/W (1)

| l l l

T Bm,0 Tna) 5
_—

(Xm)a —— (Xm)o —— (T%C)/W(m) (T'® C)/W(m).



The commutativity of the first square and third squares is straightforward. The commutativity of
the second square follows from Lemma [I0.10] and the commutativity of the diagram

BZ(m) x1 ET —— BZ(m) x1 ET

BZ(m).
t

11.C. Building the line bundle of the Thom space over BSU(d). Having described the &-
space F(BSU(d)), we turn to the E-sheaf F(BSU(d)"). As in Section [I0, we can define a line
bundle

Lo < L

with section
def
fm = My O

over X,,, and

L4 % e

def 4
fa = pao
over X 4.

Unlike X1, X4 is affine, and so L4 is trivializable, and it is easy to check that a trivialization
will induce an isomorphism
Ya: La®I(fa) = F(BSU(d)Y)a (11.9)
of ideals in F(BSU(d))a. The problem is to arrange things so that, in the case of a BStringc-
bundle, v4 fa coincides with ~r fr.

Suppose that @ is a lift of a to C, and a = e is the corresponding lift of a to C*. Let 1 be a
cocharacter making the diagram

m

T——T
|
A
commute. The isomorphism
L1
of line bundles over §
T ®C~

induces an isomorphism

g(m, o) : TrmL=1
over T'® C*. To be precise, we mean that if f: T ® C* — C is a function, considered as a section
of L, then g(m,a)(T% f) is the section of 1 given by

(i, @) (T f) () = (u, f(ua™)).
In particular i
g(m, a) (T no)(u) = (u,o0(ua™)).

[e%
Now g(m, «) does not induce an isomorphism

£ ®1(c) = H(BZ(m)"),
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because o(ua™) depends on the choice of 1, which is not W (m) invariant, and so o(ua™) does
not give an element of H*(BZ(m)).

To fix this, let

y(m,a) = u%I(m)a%(b(m)g(m,a) TR L=1.

Then e i
y(m, o) (Thmo)(u) = (1, un T an ™ o (ua™)) = (u, 64 (u, 10, a)). (11.10)
We showed in the work leading to Definition B.5] that this does give an element of H*(BZ(m)). In
the present setting, this means that we have a well-defined isomorphism
y(m,a) : T L @ I(0) = H*(BZ(m)")
which, by pulling back along
BZ(m) xp ET — BZ(m),

gives an isomorphism

Y(m, @) s (L ©Z(fm))a = (F(BZ(m)") a)a-
If we assemble the y(m, «) for various m, we get an isomorphism

Yot (LA®Z(fa))a = (F(BSU()") a)a-

To codify the dependence of  on the lift o = e and assemble the  for various a € C(A), let £
be a lift as in the diagram
C (11.11)

A
L -
)
v

C{A)—— C.
We then can view the v, for various « as giving an isomorphism

Yo : La®I(fa) = F(BZ(m)")a.

If ¢ and ¢’ are two such sections, let
d(l',0): C(A) — Z
be the function such that
! = elq?0 . 0(A) — C*.
Let
et 0): 24— {¢ e C|¢M =1}
be the function given by the formula
C(Elv ga m, (I) = ?,U(CL, ql/n)d(él,f,a)(b(rh)’

where m : A — T labels a component of BSU(d)4, 7 : T — T is any lift of m, and w(a, ql/”) is the
Weil pairing of the indicated elements of C[A], as in Lemma This quantity does not depend
on 7, because w(a,q"/™)® = 1. It does not depend on the choice of m, because

¢(m) = ¢p(wm)
for w e W.
Lemma 11.12. If /' and ¢ are two lifts, then
yevy !

18 multiplication by
cl' 0): Xy — C*
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Proof. This is just a formulation of Lemma O

Let BStringc(d) be the pull-back in the diagram
BStringe(d) —— BStringe

! !

BSU(d) x BSU(d) 2=, BSU.
Proposition R.7] and Lemma, together imply
Proposition 11.13. ¢(¢,{')|p(BStringe(d)a = 1- O

11.D. Trivializing line bundles of string bundles II: the global case. Finally, we may draw
the threads together, describing the line bundle given by the £-sheaf of a Thom space and showing
that there is a canonical trivialization for Stringc-bundles.

Theorem 11.14. After identifying the &-spaces
F(BSU(d)) = X,
pull-back along the zero section identifies F(BSU(d)") with an ideal sheaf of F(BSU(d)). For
A C T we have given maps 5
pa:Xa = (T®C)/W,
and so we have line bundles L4 over X 4, equipped with sections
fa=pyo.
We have a canonical isomorphism
vt I(fr) = F(BSU(d)Y )r
and, for each lift ¢ as in (IT.I1)), an isomorphism
Yo La®I(fa) = F(BSU(d))a.

If X is a T-space, and V is a T-equivariant SU(d)-bundle over X, then the map

X — BSU(d)
classifying V' induces maps

h:F(X)—X
of £-spaces, so we can form the line bundle

LV)Ene
over F(X), equipped with the section

FV)Eny.

Now suppose that V? and V! are two T-equivariant SU(d)-bundles over X, (universally, we can
take X = BStringc(d)). Let V = VY — V1 and set

LV)=L(vV)eLvh
and similarly for f and ~.

Theorem 11.15. If V = VO — V! is a difference of SU(d)-bundles over X and c5(V) = 0 then
the following conclusions hold.
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(1) There is a canonical isomorphism trivialization of L(V)r, so f(V)r may be viewed as triv-
ialization of Z(f(V)r), and yr(f(V)1) as a trivialization of F(XV)r.
(2) For each finite A, the isomorphism
e LV)a@Z(f(V)a) = F(XV)a,
is independent of £; we call it v 4.
(3) Owver (F(X)T)g<A>, we have
LV)r=L(V)a. (11.16)
Using the trivialization of L(V)r to regard yaf(V)a as a section of Z(f(V)a) , we have
Yf (V)1 =yaf(V)a
in (f(X)T)é*(m
The resulting section vf(V) of the E-sheaf F(XV) coincides with the Thom class (V') provided by
Theorem [7.23

Proof. The proof of the first part is essentially the same as the proof of Proposition [10.15l The
second part follows from Proposition IT.I3l For the third part, the isomorphism (II.I6]) follows
from Proposition [[T.7] and the rest is equivalent to the fact that

5§(V7 a)‘X'Jr = T;e']f(v)v

which we proved as Corollary B.I4] and Proposition 815l The formulae for the sections v f(V') are
the same as the formulae we have already given for ¢ (V). O

12. COHOMOLOGY OF UNITARY GROUPS AND MODULI SPACES OF DIVISORS.

We give an account in terms of divisors of the analysis in Section [I0l It is illuminating to do so
for its own sake, and it indicates an approach to the T-equivariant sigma orientation for an algebraic
elliptic curve.

12.A. The classical non-equivariant description. The starting point is the observation that
if BU(d) denotes the nonequivariant classifying space for U(d)-bundles, then

spf HP'BU (d) = C?/%4 = Dive (C)

is the scheme of effective divisors of degree d on 5, the formal group of C. (We continue to work
with an elliptic curve in the form

C =C/A,

so the projection C — C' induces an isomorphism of formal groups C ~ @a) Moreover, the
determinant

BU(d) — CP*®
corresponds to the map

Divi(@ ) — Cc
which sends a divisor _(P) to Za P, so

spf HPYBSU(d) = Div% (C)qg

is the scheme of effective divisors which sum to zero in C. (See Strickland [Str99]).
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12.B. Centralizers. Now we consider the T-equivariant classifying space. Let T" be the maximal
torus of U(d), and let

m:(ml,...,md):']T—>T

be a cocharacter, corresponding to a component BZ(m) of BU(d). Let us suppose that we have
arranged m nondecreasing order, so it is of the form

Megdl = " = Mgy < Mey 41 =+ 00 = Mey
< e (12.1)
< Mep_141 =+ = Me,,
with 0 = ey < e; < -+ < e, = d. It is convenient also to number this partition by setting

di=e;—ej_1 for 1 <i<r, so

d; > 1

T
> di=d.
i=1
It is clear that every m : T — T is conjugate to exactly one of this form, and so these suffice to
describe BU(d)". Tt is also easy to see that
Z(m)=U(dy) x---xU(d,),
and so
spf HP°BZ(m) = Div‘j_1 (C) x ---Divir(C') :
this is the scheme of r effective divisors Dy, ..., Dy, with deg D; = d;. Another way to say this is
that if we write the tautological divisor D over DivZ (C) x C as

D=3 B,
i
then the array m labels each point P; with an integer m;, and spf HP°BZ(m) is the scheme of

effective divisors labelled with integers in this way:.

Definition 12.2. Let m : T — T be a cocharacter as in (I2.1]). We define

Div?(C) € Div#(C) x - - Div¥ (C),

and we write D,, for the tautological divisor over Divﬁ’f(@) x C. If P is a point of D,,, then we
write mp for its integer label. We write

. Ay def . ~ . d/A
Div(C)o = Div(C) N DlVi(C)O
for the subscheme consisting of divisors which sum to zero in C.

Strickland’s ideas, applied to our calculation of H*BSU(d)" in Proposition BT, imply the fol-
lowing.

Proposition 12.3. Let T be the maximal torus of diagonal matrices in SU(d), and let
m:T —T
be a cocharacter, corresponding to a component BZ(m) of BSU(d)T. Then
spf HP'BZ(m) = Div(C)o.
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Definition 12.4. If P is a point of C' and n is an integer, let D(P,n) be the divisor
def
D(P,n) = > (a).
{aeC|na+P=0}

Proposition 12.5. Let

m = (ml,...,md):']T—>T
be a cocharacter of the form ([A21), labelling a component BZ(m) of BSU(d)*. Let V be the
tautological bundle over BZ(m). If we write the tautological divisor over

spf HPYBZ(m) x C = Div(C) x C

as

numbered so that m; = mp,, then EC£(BZ(m)Y) is the cohomology of the the ideal sheaf of the
divisor

ZD(P,-,mi).

Proof. By Proposition [[0.15] it is equivalent to show that
Div fp, = Z D(P;, m;).
i

The reduction m corresponds to decomposing V' into isotypical summands according to the action

of T. The choice of P; corresponds to using the splitting principle to decompose the tautological
bundle V over BSU(d) as

V‘BZ(m) =0 ® C(ml) G- Lg® (C(md)
If ; = c1L;, then
fm(z,2) = HU(%’ +m;z, 7).

7

The result follows from the fact that o vanishes to first order at the points of the lattice, and
nowhere else. 0

12.C. The global equivariant picture. We now ask, what is the failure of D,, = Div f,,, to be
the divisor of a function on C? The Riemann-Roch Theorem gives two conditions.

Proposition 12.6. Let m : T — T be a cocharacter, corresponding to a component of BSU(d)T.
Then

deg fm = 2¢(m)7

Dm=3 P,

and if we write

as in Proposition [12.9, then D,, sums to
C
> mib
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Proof. Let us examine a typical summand D(P,n) of f,,. If @ is any point of C such that nQ) = P,

then
D(P,n) =Y (Q+b).
nb=0
This shows that
deg D(P,n) = n?,
and it follows that
deg frm = 2¢(m).

ZCQ—I—b:nP+ Zcb:nP,

ZC D(Pyymy) = ZC miP,.

Meanwhile,

and so

0

Now suppose that for i = 0,1, V* is a T-equivariant BSU (d")-bundle over a T-fixed space X,
and let £ = VO — V1. Suppose for simplicity that H*(X) is concentrated in even degrees, and let

D =spf HPYX.
Let D’ be the divisor on ® x C which is obtained by pulling back along the map
DxC — (T"®C)/WixC.
Then we have the following.

Theorem 12.7. If £ (&) = 0 = 5 (€), then D° — D' is the divisor of a meromorphic function on
the elliptic curve © x C over ®, and this meromorphic function is a trivialization of EC’{;(XV) as
an ECH(X)-module.

Proof. Let m' be a reduction of the action of T on V?. By Lemma .13, the characteristic class
restrictions imply that

and that

S Cmhp = 3 mbe.

PeDY QeD?

APPENDIX A. ON THE RELATIONSHIP BETWEEN BOREL HOMOLOGY AND COHOMOLOGY.

In the appendix we work with coefficents in k, so that the coefficient ring of Borel cohomology
is H*(BT) = H*(BT; k) = k[c]. In our applications, k will be a field, but we make this assumption
explicitly where necessary.

The naive Kronecker pairing
HE(X;N) — Hom(H, X,N)

relating T-equivariant Borel homology and cohomology with coefficients in a k-module N fails to

take account of the coefficient ring H*(BT) = H*(BT;k) = k[c|]. In this section we construct a

Kronecker pairing which does reflect this structure. To see what such a sequence might look like,
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we note that the generator ¢ € H2BT lowers degree in H! X, and so all of H! X is c-torsion. Thus
in order to get a reasonable answer, one might hope for a map

K« HR(X) — Hom?,. pp(HL X, H,BT),

and we construct such a map.

1. Some algebra. Suppose that M is a (graded) H* BT-module. Let
LM ={rc M|c*r = 0 for some k}

be the subgroup of c-power torsion in M. The local cohomology groups of M are defined by the
exact sequence

0 — Hy(M) — M — M[c™'] — H, (M) — 0,
and Grothendieck observed [Gro67] that they calculate the right derived functors of c-power torsion:
H(*C)(M) = R'T(M.
For example, if M is torsion free,

and H ?C)M = 0. A special case is instructive.

Example A.1. For M = H*(BT) we have
H(,\(H*(BT)) = kle,c™"]/k|c] = X2H,BT.

However, note that the second isomorphism is not natural for ring automorphisms. The natural
statement, given by the residue, involves the Kahler differentials:

H{,y(H*(BT)) @ = (81) Qe (5710 = Ha(BT).

In more concrete terms, if « is the automorphism multiplying ¢ by A, a multiplies Hos(BT) by A~%,
and the part of H(lc)(H*(B']I‘)) in the corresponding degree (viz 2 + 2s) by A=*7L.

Note too that, if k is a field, then graded H*(BT)-modules are injective if and only if they are
divisible. If in addition M is torsion free, then the sequence

0— M — M[l/c] — H(lc)(M) —0
is an injective resolution, giving the following calculation.

Lemma A.2. If the coefficient ring k is a field, L is a torsion module and M 1is torsion free, we
have

Extirpr(L, M) = Homp-pr(L, H iy (M)). O

2. The construction. Let Hk denote the inflation (in the sense of Elmendorf-May [EM97]) of the
nonequivariant spectrum representing ordinary cohomology with coefficients in the commutative
ring k, and let Hb = F(ET,, Hk) be the spectrum representing Borel cohomology with coefficients
in k. These are both strictly commutative ring spectra, so we may consider the triangulated
homotopy category of modules over them. Let HM be an Hb-module spectrum with 7 (HM) = M;
existence and uniqueness are easily checked when k is a field, from the fact that the coefficient ring
is of injective dimension 1 and in even degrees. Borel cohomology with coefficients in M is defined
as usual by
HYX; M) = [Hb A X, SPHM g = (X4, SPHM]7.
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Remark A.3. To avoid confusion, we highlight some distinctions. Firstly, if IV is a k-module one
may consider the usual cohomology groups

Hi(X;N) = H*(ET xp X; N)

of the Borel construction. This does not coincide with H7(X;e*N) where € : k[c] — k is the
augmentation, but in practice no confusion should arise.

The second distinction is more important. If I is an injective k[c]-module we may define a
Brown-Comenetz type cohomology theory

HE (X5 1) po = Hompge ) (H (X), 1),
Note that this is quite different from H3(X; 7). For example
Hi(pt; H.(BT)) = H.(BT) 2 H*(BT) = Hi(pt; H.(BT))c.

Our present notation conflicts with that used in [Gre05], where the Brown-Comenetz type theory
was used without the subscript BC.

Given a map of Hb-module T-spectra
frHONX, — YXPHM,

we form
HbA X AET, 225N spam A BT, (A.4)

Now apply 72 . The association f + 7. (f A1) gives a function
HE(X; M) — Homp=pr(my (Hb A X4 A ETy ), mr (SPHM A ET4)).
To interpret the homotopy of the domain of (A.4]), use the Adams isomorphism [Ada84] [LMSMS6):
if A is T-fixed and B is T-free, we have
[A, B]T = [4,2B/T). (A.5)

Remark A.6. The suspension in (A.5)) arises as smashing with S, the Thom space of the adjoint
representation of T on its Lie algebra.

In our setting, the Adams isomorphism gives
TL(HbA Xy AET,) = HY (X)) = SHI(X).
To understand the homotopy of the target of (A4]), note that, since ¢ is the Euler class of the
natural representation, applying 7L to the cofibre sequence
HM ANET, — HM AS® — HM A ET

gives a triangle
T (HM AN ET}) — M — M™Y.
Thus, if M is in even degrees we find
m (HM NETy) = HiyM,
and we have a map
% : HY(X; M) — Homppr(SH X, Hiy M).
It is easiest to sort out the gradings by example. If ¢ is regular in M, then
TR (SPHM A BT4) = (M /M)y,
and we have given a map

HE(X; M) — Homp+pr(SHY X, %P1 (M[c™']/M))
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HE(X; M) — Hom?,. pr(HE X, S72(M[c™ 1 /M)). (A.7)

3. Isomorphisms. Suppose now that k is a field. Since M[c™!]/M is an injective H* BT-module,
both the left and right sides of (A7) are cohomology theories in X, and we have the following.

Proposition A.8. If M is torsion free and complete, the Kronecker pairing is an isomorphism

K HR(X; M) = Hom®,. pro(HE X, S72(M[c™]/M)).

Proof. We must show that the map is an isomorphism when X = S* A T/A, for all subgroups A
and all integers k. First, note that the map is an isomorphism when X = S°: here we have the
map

M — Homp«pr(H,(BT), X" 2(M[c"]/M)).

The fact that this is an isomorphism when M is complete is essentially local duality, but can be
seen directly since the codomain is

Hom gt (H(BT), 2" 2M|c']/M) Extly gp(H.(BT), 72 M)
Extl. pr(colimg(ann(c®, $2 H,(BT)), M)

limg M /(c®)M

111 11

since ann(c®, ©2H,(BT)) = ¥?k[c]/(c*). Using suspension isomorphisms on both sides, we obtain
the result for all spectra X = S,

Now, moving into topology, the Thom isomorphism implies that we have an isomorphism when
X =S¥ A SV, where V is a complex representation of T. If A is cyclic of finite order n, then we
have the cofibre sequence

T/A, — S° — S,

and so an isomorphism for cells of the form S* A T/A, for general A. O
The simplest example is when M = H*(BT).
Example A.9. We have the isomorphism
H3(X; H*(BT)) = Homy- pr(Hy (X), Ho(BT) @ g+ (1) (e (smy8) )

where the Kéahler differentials can be omitted if only the H*(BT)-module structure is relevant. [

Finally, we specialize to the case of interest to us, arising from the geometry of an elliptic curve
over a field of characteristic 0.

Example A.10. Now suppose that, as in Section [6] we have an elliptic curve C over a field k of
characteristic 0, and coordinate data ¢1. For n > 1, the function t¢,, vanishes to the first order on
points of exact order n (and nowhere else), so that if we let ¢ act on O} ® w* via t,,/Dt we have

H(16)(Oﬁ QW) = H(ltn)(oﬁ) Quw" = TyC w".

In any case, TAC ® w* is a divisible torsion H* BT-module, isomorphic to a finite sum of copies of
H,BT. Applying Proposition [A.8, we have the natural isomorphism

Hi(X;0) @ w*) = Hompy-pr(HL (X), TAC @ w*). O
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